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Using the photovoltaic (PV) effect, solar cells convert sunlight directly into electric 
energy. In order to compete with conventional electricity generation, it is important to 
reduce the electricity generation costs by solar cells and to improve the energy 
conversion efficiency. As silicon wafer solar cells have an overwhelming share in 
today's PV market, higher-efficiency silicon wafer solar cells are currently intensively 
investigated in both research labs and industry. Rear local contacts are employed in 
most of these advanced silicon wafer solar cell structures. In this thesis, rear local 
contact formation for high-efficiency crystalline silicon wafer solar cells is investigated 
in order to gain a deeper fundamental understanding, and further improving the PV 
efficiency, of advanced silicon wafer solar cells. Two specific types of solar cells with 
local rear contact are investigated in detail: p-type 'Aluminium Local Back Surface 
Field' (Al-LBSF) and n-type rear-junction 'passivated emitter rear totally diffused' 
(PERT) silicon wafer solar cells. 
 
In the study of the local contact for p-type Al-LBSF solar cells, void formation is 
explained and is identified as one of the biggest technological challenges. Two 
approaches are investigated to minimize the formation of voids and to increase the 
thickness of the Al doped p+ layer. In the investigation of the local contact formation 
for n-type rear-junction PERT solar cells, the laser damage to the emitter at the laser-
ablated region is examined using the emitter saturation current density. The emitter 
saturation current density is observed to be injection dependent due to a high second-
diode recombination caused by laser damage to the space charge region. Both p-type 
Al-LBSF and n-type rear-junction PERT solar cells are fabricated and reach high 
efficiencies in this thesis. Accurate extraction of the series resistance of silicon wafer 
solar cells is also discussed in this thesis. Various methods to determine the series 
resistance of a solar cell are presented and their limitations discussed. 
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Assumptions and possible resulting errors in the extracted 
Rs,light.MPP values using the DIV-LIV, Jsc-Voc and double light 
level methods.  
 
 
Solar cell parameters used in the simulations. 
 
 
Measured one-Sun parameters of the investigated Al-LBSF 
cells. Two cells from each group were selected  
 
 




Simulations parameters and extracted RS for the three types of 
solar cells. *: In the JSC-VOC simulation of the Group A and 
Group B solar cells J0 was assumed to increase linearly as a 




Measured one-Sun parameters of a typical Al-BSF cell. 
 
 




Relative PL intensity of every box in the test samples. The 
relative PL intensity was obtained by normalising the PL 
intensity in the various boxes by the PL intensity measured in 
the unablated Box 1. 
 
 
Measured one-Sun parameters of three Al-LBSF cells and an 
Al-BSF cell. The calculated Rs,Line due to the lateral current 
flow at the rear surface is also listed 
 
 




Comparison of results of large-area p-type solar cells from 
other labs or companies using the similar structure. *: the FF, 






























































Measured one-sun parameters of the investigated n-PERT cells 
fabricated according to the process flow in Chapter 3 Fig. 
3.2(a). One cell from each group was selected. 
 
 
Comparison of results of mono-facial large-area n-type solar 































































Schematic illustration of the 6% efficient silicon solar cell 
developed by Bell Labs in 1954. 
 
 




Schematic of a typical industrial silicon wafer solar cell with 
full-area Al back surface field ('Al-BSF cell'). 
 
 
Schematic of the PERL cell structure. 
 
 
Schematic of the n-type rear-junction PERT type cell structure 
 
 
(a) Schematic of a solar cell with a simple p-n junction, (b) 
schematic of the two-diode model used in this chapter. The 
arrows indicate the direction of current flow under illumination. 
 
 
Schematic illustration of two asymptotes: (a) large scale limit: 
very widely spaced contacts and (b) small scale limit: very 
narrowly spaced contacts. The arrow indicates the flow of the 
carriers in the semiconductor 
 
 




Illustration of the series resistance component at the rear of an n-
PERT solar cell. 
 
 
Schematic illustration of a unit cell chosen for the derivation of 
the emitter resistance, where ja is the current density, p is the 
pitch of rear opening, r is the radius of rear opening, l is distance 
from the point of interest to the centre of the dot opening; R is 
the angle from the direction of X to the direction of l, x is the 
length of the projection of l on the X direction; L is the distance 
from centre of the dot opening to the end of the unit cell in the 
direction of l. 
 
 

















































































Schematic illustration of local contact formation and lateral 
transportation of Si in Al during co-firing. 
 
 
Cross-sectional SEM micrograph of an ideal local Al-Si contact. 
White line is drawn to indicate the boundary of the Al p+ layer. 
 
 
Schematic illustration of the rear line contact of a screen-printed 
Al-LBSF test sample (not to scale) 
 
 
(a) Experimental process flow of the monocrystalline Al-LBSF 
solar cells. The peak temperature during the co-firing step was 
750 or 800 C. (b) A schematic of the final Al-LBSF solar cell 
structure obtained in this experiment. (c) Fabrication sequence of 
the multi-crystalline Al-LBSF solar cells. 
 
 
(a) Experimental process flow of the test structures and n-PERT 
solar cells. (b) A schematic of the test structure and (c) A 






























































Schematic of a typical I-V tester. 
 
 
An example of an illuminated one-Sun I-V curve. 
 
 




Illustration of (top) DIV-LIV and Jsc-Voc methods, (bottom) 
double light level method. 
 
 
Equivalent circuit diagram used in Kampwerth’s approach to 
extract RS at each node. 
 
 
Error in Rs,light.MPP calculation using DIV-LIV method when J01 is 




Rs,lightMPP error caused by injection-dependent J01 and J02 when 
(a) using the DIV-LIV method. In the dark the J01 and J02 values 
are assumed to be 1.5 times higher than under one-Sun 































































double-light level method. J01 and J02 were assumed to increase 
linearly as a function of the light intensity from their value at 0 
Sun to their value at 1 Sun 
 
 
Rs,light.MPP of selected Al-LBSF cells as determined by the DIV-
LIV, Jsc-Voc, FF and RS_PL methods. The dashed line is the 
theoretical lower limit of the Al-LBSF cells expected from the 
Al-BSF reference cells and the Fischer-Plagwitz model. 
 
 
An example of a luminescence-based series resistance image of 
an Al-LBSF cell  
 
 
Dark and JSC-shifted one-Sun I-V characteristics of cells A2, B2 
and C2. The solid lines show two-diode model fits 
 
 
Effective lifetime of three Al-LBSF solar cells as a function of 
the light intensity (extracted from Suns-Voc measurements). IDL 
stands for injection-dependent lifetime 
 
 
Calculated Seff,rear and Rs,(Line or Point) as a function of the contact 
fraction for (a) line-contact or (b) point-contact pattern. The 
contact fraction was varied by changing the pitch size, while the 




Simulated efficiency of Al-BSF and Al-LBSF solar cells with 
rear (a) line contacts and (b) point contacts as a function of the 
contact fraction. The Seff,rear and Rs,(Line or Point) shown in Fig. 5.1 
were used in these simulations. The dotted line indicates the 






















































Cross-sectional SEM micrograph of the rear of Al-LBSF 
samples with (a) a complete contact, (b) a partial contact, (c) a 
complete void with no Al p+ layer and (d) a complete void with 
very thin Al p+ layer. 
 
 
Example of a PL intensity image of an Al-LBSF solar cell with a 
significant number of voids at the rear contact. The direction of 
the line opening was perpendicular to the contact lines of the 
front metal grid. 
 
 
Example of PL intensity image of a test sample with peak firing 
temperature of 750 °C. The laser patterns used were: box 1: 
unablated; box 2: fully ablated; boxes 3-8: point contacts; boxes 





























































Relative PL intensity as a function of the metal fraction for line 
(□) and point () shaped laser patterns with 1.0 mm pitch, for 
peak firing temperatures of 750 and 800 C. The theoretically 
calculated 1/(Seff.front+Seff,rear) curve is also plotted (line). 
 
 
Measured thickness of the Al-doped p+ layer as a function of 
line width for Al-LBSF solar cells fired at peak firing 
temperatures of 750 and 800 C. 
 
 
Cross-sectional SEM micrograph of the rear of Al-LBSF test 
samples with a dielectric line opening width of 40, 120 and 250 
µm after an industrial fast firing process at 750 °C peak 
temperature. It can be seen that (a) filled contacts as well as (b) 
contacts with voids can be found for all line widths; however, 
the void fraction is clearly higher for the narrower lines. 
 
 
PL intensity images of the test samples with (a) 0.6 µm 
evaporated Al, (b) 1.8 µm evaporated Al, (c) 3 µm sputtered Al, 
(d) 25 µm screen-printed Al (e) 50 µm screen-printed Al and (f) 
70 µm screen-printed Al. For all samples, the following laser 
patterns were used: Box 1: unablated; Box 2: fully ablated; 
Boxes 3-8: point contacts with varying metal fraction; Boxes 9-
16: line contacts with varying metal fraction. For all test 
structures identical optimised laser parameters were used. 
 
 
PL intensity of different laser opening geometries (Box 2, Box 5 
and Box 16 in Fig. 5.10) normalised by the PL intensity of the 
un-ablated box as a function of the Al thickness. 
 
 
Cross-sectional SEM micrographs of laser openings (line) at the 
rear of the test structures after an industrial firing. At the rear of 
the samples with a 25 µm Al rear layer occasionally (a) voids 
can be observed, while other areas (b) display a good contact 
with a 3-5 µm thick p+ layer. (c) For the samples with a 1.8 µm 
Al rear no voids were detected but the p+ layer was found to be 





















































(a) - (d) Parameters of line-contacted Al-LBSF solar cells 
fabricated according to the process flow in Fig. 3.1. The cells 
with 5% metal fraction were fabricated with 2.0 mm pitch. Other 
cells were fabricated with 1.0 mm pitch. Five cells were 
fabricated for each parameter set 
 
 
(a) Schematic illustration of the test structure with 9 boxes. (b) 



























Local emitter saturation current density in laser ablated regions, 
J0e,laser, as a function of the laser fluence. The emitter saturation 
current density at the locally lithographically opened region, 
J0e,litho, is also extracted for the reference sample and indicated 
by the dashed line in the figure. The emitter saturation current 
densities were extracted using method A given in Eq. 6.5 
 
 
J0e,laser as a function of the injection level using Approach B. 
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Chapter 1. Introduction 
 
1.1 Research motivation 
 
Solar cells convert sunlight directly into electric energy by the photovoltaic (PV) effect. 
In the PV process, photons with energy larger than the bandgap of the semiconductor 
are absorbed, leading to the generation of electron-hole pairs in the semiconductor 
which are then separated by the internal electrical field and fed into the external circuit. 
The PV effect was discovered in 1839 [Becquerel 1839] and the first silicon wafer solar 
cells with a reasonable efficiency were fabricated in the 1950s [Chapin 1954]. Since 
then the solar cell industry has been growing rapidly. With improvement in the 
technology and reduction in cost, solar cells are becoming a competitive alternative for 
conventional electricity generation using fossil fuels.  
 
Although electricity generated from fossil fuels is still dominant, the price of the 
electricity generated in this way keeps increasing due to the fact that fossil fuels are a 
limited resource. On the other hand, electricity generated by solar cells is becoming 
increasingly cheaper. In addition, greenhouses gases are emitted when generating 
electricity from oil, coal and gas. Emission of greenhouse gases potentially leads to 
harmful climate change, such as the global warming. In the case of solar cells and 
systems, greenhouse gases are only emitted during their production, and the amounts 
are quite small [Weisser 2007]. Thus, solar technology is more environmentally 
friendly compared with the conventional energy generation. Research in renewable and 
clean energy generation, such as by solar cells, is very important for a sustainable 
development of the world. 
 
Silicon wafer solar cells have an overwhelming share in today's PV market. Silicon is 
safe for the environment and one of the most abundant elements on Earth. The 
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abundance and safety of silicon as a resource grants the silicon solar cell a prominent 
position among all the various kinds of solar cells in the PV industry. Other materials, 
in particular CdTe and CIGS, have also gained significant attention in recent years 
because of their good performance. However, factors like lack of understanding of the 
material, lower availability and higher toxicity are still limiting the development of 
solar cell based on the materials other than silicon.  
 
One of the key milestones of solar cell research is to achieve grid parity, in which the 
cost of energy provided by solar cells is equal or lower than the price of conventional 
energy. Therefore, two aims have always been pursued in PV research: the improve-
ment of the efficiency of the energy conversion process and the reduction of the 
manufacturing costs. The development of silicon wafer solar cells in these two aspects 
has led to significant reduction in the electricity generation costs ($/kWh). Grid parity 
has now been achieved in many countries. To further improve the energy conversion 
efficiency of silicon wafer solar cells, more advanced solar cell structures are currently 
investigated. Rear local contacts are employed in most of these structures to improve 
the efficiency of the solar cells. This thesis, entitled “Rear local contact formation for 
high-efficiency crystalline silicon wafer solar cells”, was conducted in order to gain a 
deeper understanding of the local contact formation and further improving the 




1.2 Thesis outline 
 
The thesis consists of 7 chapters. Chapter 2 briefly describes the history of silicon 
wafer solar cells. Two specific types of solar cells with local rear contact are explained 
in detail: p-type 'Aluminium Local Back Surface Field' (Al-LBSF) and n-type rear-
junction 'passivated emitter rear totally diffused' (PERT) silicon wafer solar cells. The 
theory behind the optimization of the rear contact design is presented thereby taking 
into account resistive and recombination losses, and the formation of local back surface 
fields (BSFs).  
 
In Chapter 3, the main processing and characterization techniques used in this thesis 
for the fabrication and characterization of silicon wafer solar cells are described in 
detail. In particular the focus will be on the fabrication and the characterization of rear 
local contacts.  
 
Chapter 4 discusses the accurate extraction of the series resistance of silicon wafer 
solar cells. In this chapter, various methods to determine the series resistance of a solar 
cell are presented and their limitations are discussed. It is found that a severe under-
estimation of the series resistance is possible due to injection-dependent saturation 
current densities. This error is experimentally demonstrated for Al-LBSF silicon wafer 
solar cells.  
 
Chapter 5 investigates the local contact formation for p-type Al-LBSF solar cells. In 
this chapter, the performance of Al-LBSF cells is simulated using PC1D to find the 
optimum contact geometry. Void formation is explained and is identified as one of the 
biggest challenges in the local contact formation for p-type Al-LBSF solar cells. Two 
approaches are investigated to minimize the formation of the voids and to increase the 
thickness of the Al doped p+ layer. In the last part of this chapter, the results obtained 
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for Al-LBSF solar cells with various rear processing parameters are reported and 
compared. 
 
In Chapter 6, the local contact formation for n-type rear-junction Passivated Emitter 
Rear Totally-diffused (PERT) solar cells is examined. In this chapter, the laser damage 
to the emitter at the laser-ablated region is investigated using the emitter saturation 
current densities extracted by two approaches. The emitter saturation current density is 
observed to be injection level dependent due to a high second-diode recombination 
caused by laser damage to the space charge region. The optimised laser parameters 
were applied to fabricate n-PERT solar cells with efficiency of up to 21.0%. 
 
Finally, Chapter 7 concludes this thesis and presents the outlook for the future. 
  
5 
Chapter 2. Background and literature review 
 
2.1. Development of high-efficiency silicon wafer solar cells 
 
The history of silicon wafer solar cells started in the 1950s, when the first silicon solar 
cell with a simple pn junction, illustrated in Fig. 2.1, was fabricated at Bell Labs, USA, 
by Pearson, Fuller and Chapin [Chapin 1954]. A solar energy conversion efficiency of 
approximately 6% was already achieved at that time [Chapin 1954]. With advanced 
background understanding of silicon from the semiconductor industry and its 
abundance in the Earth’s crust, silicon has since been the most popular material for 
industrial solar cell applications. Providing electricity in space was one of the early 
applications of silicon wafer solar cells. 
 
Fig 2.1 Schematic of the 6% efficient Si solar cell developed by Bell Labs in 1954 [Green 
1995]. 
 
Driven by the demand from space applications, the efficiency of silicon wafer solar 
cells was already improved to 16% in the 1960s. The improved cell structure, as shown 
in Fig. 2.2, had both front and rear metal contacts. In addition, an anti-reflection coating 
layer was applied on the front of the solar cell to minimize the reflection losses and 
thus to enhance the collection of photo-generated carriers [Green 1995].  
 
Fig 2.2 Schematic illustration of the silicon solar cell developed in 1960s [Green 1995]. 
boron doped p+ layer









The further improvement of silicon wafer solar cells in the following years was 
achieved by the advancement of the processing steps. The improvements can be 
divided into three categories. The first category focusses on the enhancement of the 
photon absorption in the solar cell, by optimization of the anti-reflection coating layer 
and application of different front surface textures [Haynos 1974]. The second category 
focusses on minimizing the recombination losses. For example, it was identified that a 
heavily doped p+ region ('back surface field', BSF) at the rear of p-type cells can reduce 
the recombination at the rear and improve the cell performance [Mandelkorn 1972, 
1973]. The third group focusses on the reduction of the electrical losses of the solar cell 
and, for example, involves improved contact designs. Screen printing of metal contacts 
also started to be applied in the silicon solar cell fabrication since the middle of the 
1970s [Solanki 2011]. 
 
With the improvements mentioned above, the structure of the industrial crystalline 
silicon wafer solar cell evolved to the structure shown in Fig. 2.3. It consists of a p-type 
silicon wafer with a front n+ emitter, a screen-printed front Ag contact and a screen-
printed rear full-area Al contact. Both front and rear contacts are formed during a co-
firing step, in which Al alloys with the Si substrate and forms a blanket back surface 
field beneath the rear contact. Thus, this is the so-called 'Al back surface field' (Al-
BSF) silicon wafer solar cell. Until today, this is the most common type of industrial 
silicon wafer solar cell, with efficiencies in mass production of 16-18% for multi-Si 




Fig. 2.3 Schematic of a typical industrial silicon wafer solar cell with full-area Al back 
surface field ('Al-BSF cell'). 
 
 
Several more advanced structures of high-efficiency crystalline silicon solar cells were 
developed in the labs and in the PV industry based on this Al-BSF structure. These 
improved cell structures can be divided into two categories based on their substrate 
doping type. 
 
In the first category, the advanced cell structure is also based on p-type substrates. The 
best such cell structure, efficiency wise, is the 'Passivated Emitter Rear Locally-
diffused' (PERL) solar cell [Zhao 1999] developed in the 1990s at the University of 
New South Wales (UNSW). This cell, shown in Fig. 2.4, reached an efficiency of 
25.0% in 1999 [Zhao 1999], which remained the world record for c-Si solar cells until, 
very recently, Panasonic announced its back-contact HIT (heterojunction with intrinsic 
thin layer) solar cell with 25.6% efficiency [Panasonic 2014]. In the PERL cell, 
inverted pyramids and a double-layer ARC are applied at the front to further improve 
the light trapping and minimize front reflection. The region of the emitter directly 
below the front metal contact is heavily doped (a so-called selective emitter) to 
minimize the contact resistance and metal contact recombination. The remainder of the 
emitter is lightly doped to improve the blue response of the solar cell. Instead of a full-
area coverage of Al at the rear, a layer of passivating thermal oxide with local openings 
is applied at the rear of PERL cells. The thermal oxide at non-contacted areas improves 
the effective rear passivation of the cell. Carriers are collected through the local 
openings at the rear. A p+ region is formed under the local contacts by boron diffusion 







to minimize the contact resistance and metal contact recombination. Similar structures 
that were developed at the same time were the Passivated Emitter and Rear Cell 
(PERC) [Blakers 1989] and the Passivated Emitter Rear Totally-diffused (PERT) 
[Zhao 1999] silicon wafer solar cells. In the PERC structure, the rear of the cell is not 




Fig. 2.4 Schematic of the PERL cell structure. 
 
 
Even though PERL type silicon wafer solar cells have shown efficiencies of up to 
25.0% in the lab, they are not yet produced on an industrial scale due to their relative 
complex structure to fabricate.  
 
An industrially more relevant version of the PERL cell, using alloying of Al for the 
formation of a local back surface field ('Al-LBSF cell'), was developed in the late 1980s 
at Fraunhofer ISE [Knobloch 1989, Aberle 1990]. Using evaporation of an Al grid and 
subsequent passivation of both cell surfaces with a thermal oxide, efficiencies of above 
20% were already achieved in 1990 for laboratory Al-LBSF solar cells on FZ wafers 
[Aberle 1991]. In recent years, several labs and companies [Mohr 2011, Münzer 2011, 
Chen 2013, ISFH 2014, Metz 2014] have developed full-size (~240 cm2) screen-printed 
Al-LBSF solar cells, using various dielectrics for rear surface passivation, and achiev-
ing efficiencies of 19-21% on Cz wafers. As the local back surface field is formed 













steps in the fabrication of Al-LBSF solar cells compared to the fabrication of PERL 
solar cells. The rear dielectric can, for example, be locally opened by laser ablation, 
which is a fast, stable and industrially feasible technology. Another industrially 
relevant technology are laser fired contacts (LFC), where a local BSF is created by 
applying laser pulses to a dielectric/Al stack at the rear of the solar cell [Mohr 2011]. 
 
In the second category, the advanced cell structures are based on n-type c-Si substrates. 
n-type wafers have received less attention in solar research in the last few decades, due 
to the dominance of p-type wafers in the PV industry. In the beginning, p-type wafers 
were preferred over n-type wafers because of their better radiation resistance, and space 
applications were the most important application of solar cells at that time. Further-
more, boron diffusion is normally required to form the emitter on n-type wafers, which 
requires much higher diffusion temperatures than in the case of phosphorus diffusion. 
It was also reported that boron diffusion could lead to the degradation of the bulk 
minority carrier lifetime [Krygowski 1997]. The formation of a boron rich layer (BRL) 
was identified as one of the reasons for the degradation of bulk lifetime [Kessler 2009]. 
However, this BRL can be avoided by tuning the processing parameter of the boron 
diffusion [Negrini 1978]. 
 
Compared with p-type silicon, n-type silicon has several advantages. First, it has 
relatively higher tolerance to the most common metallic impurities [Macdonald 2004, 
Schmidt 2007]. This enables higher minority carrier diffusion lengths for wafers with 
similar impurity levels. Second, as most of the industrial p-type monocrystalline wafers 
are Czochralski-grown (Cz) silicon, severe light-induced degradation (LID) [Glunz 
2001] is observed for solar cells based on p-type silicon wafers. This LID is a result of 
the formation of boron-oxygen complexes, and thus this problem is not present for n-
type silicon wafers. Due to the high bulk carrier diffusion lengths, the pn junction of 
an n-type silicon solar cell can be placed either at front or rear.  
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One example of the advanced cell structure using n-type silicon is the Interdigitated 
Back Contact (IBC) solar cell, which has reached efficiencies as high as 24.2% as 
reported by SunPower [Cousins 2010]. There are no metal contacts at the front of the 
solar cell, both contacts are at the cell's rear. This design eliminates shading and 
absorption loss due to the front metal coverage, which could lead to a gain in the short-
circuit current density [Neuhaus 2007]. However, a significant number of additional 
processing steps are required to fabricate IBC solar cells due to its complexity of the 
design compared to other silicon wafer solar cell structures. 
 
 
Fig. 2.5 Schematic of the n-type rear-junction PERT type cell structure. 
 
 
Another example is the n-type rear-junction PERT type silicon wafer solar cell. It has 
a very similar design as the p-type PERT solar cell, but with an n-type substrate and a 
boron doped p+ emitter as shown in Fig. 2.5. However, as the emitter is placed at the 
rear, similar metallization techniques from p-type PERT solar cells can be implemen-
ted, such as the Al deposition at the rear. There are far fewer processing steps compared 
with the fabrication of IBC cells. Efficiencies of up to 22.7% on small area [Zhao 2006] 
and 21.3% on large area [Mertens 2013] have been achieved for this type of solar cell. 
 
For both high-efficiency n-type and p-type silicon wafer solar cells, local contacts are 
increasingly applied at the rear. By using a local contact design, the major fraction of 









losses and to increase the reflection of near-bandgap photons. Since the metal-silicon 
contact area is greatly reduced for locally contacted solar cells, an effective local 
contact formation is very crucial to fabricate devices with high efficiency. Crystalline 
silicon solar cells with rear local contact have demonstrated high efficiencies in the lab, 
such as the 25.0% PERL solar cell [Zhao 1999]. However, a deeper understanding of 
the rear local contact formation is needed to produce these types of solar cells in mass-
scale manufacturing with low-cost techniques such as screen printing and laser ablation 
of dielectrics. Therefore, the local contact formation for high-efficiency silicon wafer 
solar cells is investigated in this thesis. Two industrially promising solar cell structures 
- the p-type Al-LBSF cell and the n-type PERT cell - are used as test vehicles to study 
the rear local contact formation. 
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2.2. Simulation of the solar cell 
 
2.2.1 Two-diode model 
In a solar cell, the most fundamental and important features are the p-n junction and 
the front and rear contacts as shown in Fig. 2.6(a). The light-generated electron-hole 
pairs are separated by the p-n junction and collected by the front and rear contacts. A 
well-known two-diode model has been used to represent the equivalent circuit of a solar 
cell. In this thesis, to study the determination of the series resistance by different 
methods, the analyses of solar cell I-V characteristics were carried out using this two-
diode model. The two-diode model includes a current source supplying a photo-
generated current Jph and two diodes with dark saturation current densities J01 and J02 
and ideality factors 1 and 2, respectively. A series resistance Rs (0.3 to 1 cm2) and a 
shunt resistance Rsh (1000 to 50000 cm2) are also included in the circuit, as shown in 





Fig. 2.6 (a) Schematic of a solar cell with a simple p-n junction, (b) schematic of the two-diode 








The J01 diode describes recombination currents in the quasi-neutral bulk and at the front 
and rear surface of the solar cell with a few assumptions [McIntosh 2001]. First, the 
bulk and surfaces are assumed to be dominated by the Shockley-Read-Hall 
recombination [Shockley 1952, Hall 1952 & 1960]. This is valid for all working 
conditions of the solar cells discussed in this thesis. Second, it assumes the minority 
carrier concentration of the solar cell is much lower than its majority carrier 
concentration. For typical operating conditions of c-Si solar cells, a low-level injection 
is usually expected.  
 
The J02 diode describes the recombination in the space charge regions, edge 
recombination [McIntosh 2001] and recombination at localized regions with a high 
defect density [Breitenstein 2004, Steingrube 2011a]. It has been reported that some 
types of solar cells can more accurately be simulated by a three-diode model or two-
diode model with different ideality factors [McIntosh 2001]. However, the results 
presented in this chapter are not affected by the equivalent circuit model used for the 
simulations. 
 
Under illumination, carriers are generated and diffuse across the p-n in the solar cell. 
This current flow is represented by the photo-generated current Jph. Jph is weakly 
dependent on the diode voltage and the temperature [Green 1995], but the dependence 
is negligible.  
 
Due to the distributed nature of Rs [Nielsen 1982, Smirnov 1980, Araujo 1986], it is a 
function of both voltage and current [Altermatt 1996, Fong 2011]. The current path 
within the emitter alters when the external conditions change. The Rs of a solar cell can 
thus be significantly different in the dark compared to illuminated conditions [Aberle 
1993a]. The series resistance at standard operating conditions, Rs,light.MPP, is the most 
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important parameter to consider, as this quantifies the effect of Rs on the solar cell 
efficiency. The use of Rs,light.MPP in advanced fill factor [Khanna 2013] and power loss 
analyses [Aberle 2011] is also helpful for identifying fabrication issues and improving 
the efficiency of Al-LBSF and n-PERT solar cells. 
 
The I-V curves of a solar cell at different illumination levels, such as the dark I-V curve 
(DIV) and one-Sun light I-V curve (LIV) and Jsc-Voc I-V curve (Jsc-Voc), can be 
simulated using the two-diode model with the parameters mentioned above. 
 
Under illumination condition, a photocurrent is generated, and it flows in the opposite 
direction as the diode current. With the two-diode model, the circuit can be described 
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Jsc-Voc curve is constructed by measuring the Jsc and Voc of the device at different 
illumination levels. At any illumination level, the net current flowing at the device is 
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If the series resistance is not too large (< 10 Ωcm2) [Wolf 1963], the Jph can be 
approximated by Jsc at any illumination level. This assumption is valid for all the solar 
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15 
Which leads to the Jsc-Voc I-V curve with different combinations of Jsc and Voc of the 
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2.2.2 Modelling of solar cells with rear local contacts 
Dielectrics at the rear can improve the rear passivation in Al-LBSF and n-PERT cells. 
However, the application of local contacts reduces the Si-metal contact area, which can 
increase the series resistance. The resistive losses depend on the rear contact opening 
pattern and the metal fraction. The lower contact fraction at the rear leads to a better 
effective rear passivation but higher resistive losses. Optimization is required to 
achieve the balance between the recombination losses and resistive losses, and to 
maximize the efficiency gain. This section describes some of the simulations and 
theoretical models in the literature for the optimisation of rear solar cell surfaces with 
local contacts. 
 
2.2.2.1 1D, 2D and 3D simulations of solar cells with rear local contacts 
 
1D simulation: 
The transport of the carriers in a rear local contact solar cell is a two-dimensional (2D) 
problem (for a line contact geometry), or a three-dimensional (3D) problem (for a 
point-contact geometry). However, the one-dimensional (1D) simulation package 
PC1D [Basore 1988] in combination with a few analytic models [Fischer 2003] 
[Plagwitz 2007] [Saint-Cast 2010] [Wolf 2010] are commonly applied in the PV 
community to investigate solar cells with rear local contacts. When the appropriate 
boundary conditions are met, these analytical models effectively capture the relevant 
2D and 3D effects with respect to surface recombination and carrier transport, and thus 
enable the simulation of multidimensional structures with a 1D simulation package 
such as PC1D. 
 
Fischer’s model is most commonly used to describe the surface recombination at 
partially metallised rear surfaces. In this model, the minority carrier recombination at 
the rear surface is described by the parameter Seff,rear. Seff,rear is also mathematically 
17 
related to the increase of the series resistance (Rs,(Line or Point)) due to the spreading effect 
and the lateral current flow of the majority charge carriers in the silicon wafer to the 
local rear contacts. Rs,(Line or Point) can be calculated using Plagwitz’ model. More details 
on the Fischer and Plagwitz models are given in Section 2.2.2.2. 
 
2D or 3D simulation: 
To accurately simulate the transport in solar cells with rear local contacts, it is necessary 
to perform complicated 2D or 3D modelling. Several  2D and/or 3D simulators and 
simulation packages are available, such as PC2D [Basore 2011] and Quokka [Fell 
2013] for 2D, Sentaurus TCAD [Sentaurus 2011], Conductive Boundary (CoBo) 
[Brendel 2012] and Cuevas’s approximate geometric model [Cuevas 2013a]. PC2D is 
an extension of PC1D to two dimensions and is fully implemented in Microsoft Excel. 
It can be applied to represent the local rear contacts using a grid of 20 × 20 identical 
rectangular elements. 2D charge carrier drift and diffusion equations are solved for this 
grid. However, the grid of 20 × 20 elements is not sufficient to simulate all the different 
rear local contact geometry patterns. Sentaurus TCAD is the most powerful, but also 
the most complicated simulation tool for solar cells. The carrier distribution and 
transport is simulated by solving the carrier continuity equations of electrons and holes, 
the Poisson equation, and the drift-diffusion equations. Cuevas’ approximate geometric 
model was proposed based on a regional partition of the rear surface and also 
implemented in Microsoft Excel. It is much less complicated but less accurate 
compared to other 3D simulations [Cuevas 2013b]. A detailed comparison between 
some of these 3D simulation packages is given [Cuevas 2013b].  
 
However, we are more interested in the rear surface recombination and resistive losses, 
which can be sufficiently and accurately simulated using  Fischer’s model. Therefore, 
these 2D or 3D simulations were not applied in this thesis. A comprehensive 3D 
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simulation of our Al-LBSF cells using Sentaurus TCAD was done at SERIS by my 
fellow PhD student Fa-Jun MA [Ma 2014]. 
 
2.2.2.2 Front junction (Al-LBSF cells): Fischer and Plagwitz models 
p-type Al-LBSF solar cells have a p-type base and an n+ emitter at the front. The rear 
local contacts collect holes from the p-type absorber. The metal contact fraction f and 
the geometry of the rear laser openings [such as the pitch size p and the line width a 
(for line contacts) or the opening radius r (for point contacts)] all have an impact on the 
Seff,rear and rear resistance of Al-LBSF solar cells.  
 
Prior to Fischer’s model, a Fourier transform algorithm was developed to accurately 
solve the 3D transport equations [Rau 1994] for a rear local contact pattern with 
periodically-spaced dot- or line-shaped geometry. This approach requires to solve a set 
of three dimensional transport in the Fourier space. 
 
In the derivation of Fischer’s model [Fischer 2003], the transport problem of the 
minority and majority carriers in the solar cell was first decoupled. Several scaling laws 
were identified to further construct this model. Two important asymptotes, the large 
scale limit and small scale limit, were suggested as shown in Fig. 2.7. In the large scale 
limit the pitch is very large so the flow of the carriers at one contact is expected to be 
unaffected by the neighbouring contacts as shown in Fig. 2.7(a). In the small scale limit 
the contacts are very narrowly spaced so the carriers mostly travels in the perpendicular 
direction to the emitter as shown in Fig. 2.7(b). The calculation of the series resistance 
in these two asymptotes were already studied [Brooks 1971] [Cox 1967]. An analytic 
expression was proposed by Fischer to interpolate the series resistance in the contact 
geometry between these two asymptotes. As the diffusion length of the carriers in the 
base of the solar cell is found to be directly related to its series resistance by the 
diffusion equation, an analytic expression of the Seff,rear was then derived. Despite the 
19 
fact that decoupling was made in the derivation process to represent a 3D problem in a 
1D analytic model, the error is only less than 5% for a typical high efficiency solar cell. 
  
(a) (b) 
Fig. 2.7 Schematic illustration of two asymptotes: (a) large scale limit: very widely spaced 
contacts and (b) small scale limit: very narrowly spaced contacts. The arrow indicates the 
flow of the carriers in the semiconductor. 
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where D is the diffusion constant of the minority charge carriers (electrons), Scont is the 
surface recombination velocity at the local Al-BSF, Spass is the surface recombination 
velocity at the dielectrically passivated area, W is the wafer thickness, ρ is the bulk 
resistivity and Rs,(Line or Point) is the increase of the series resistance due to the spreading 
effect and the lateral current flow of the majority charge carriers in the silicon wafer to 
the local rear contacts. Rs,(Line or Point) can be calculated by applying the analytical model 
proposed by Plagwitz [Plagwitz 2007]:  
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There are several assumptions in the Fischer model. First, the bulk minority carrier 
diffusion length is assumed to be much larger than the thickness of the Si wafer. 
Second, the emitter is approximated by an equal-potential surface. Third, the solar cell 
is working under low-level injection. These assumptions are satisfied for the samples 
used in this thesis. In the calculations, Scont and Spass were assumed to be constant (i.e. 
independent of the contact geometry). In the Fischer model, the emitter is placed on the 
front and the rear contact is assumed to be homogenous and uniform. This first 
assumption is not valid for rear-junction solar cells, and the second assumption could 
potentially lead to errors for non-uniform contacts. Thus, Saint-Cast’s model [Saint-
Cast 2010] was developed to derive the integral of the surface recombination velocity 
at the locally processed area using macroscopic data. This model is advantageous in 
the way that it can simulate the structures with or without an emitter, and the simulation 
of the inhomogeneous recombination at the rear contact can be taken into account.  
 
Assuming a specific resistivity of ρ = 2.0 cm and a thickness W = 180 μm of the 
silicon wafer, Eq. 2.7 is fulfilled for a contact line width a   202 μm and will be used 
in Chapter 5 for the study of local contact geometry of Al-LBSF cells.  
21 
 
2.2.2.3 Rear junction (n-PERT cells): emitter resistance and Joe optimization 
n-type PERT cells in this work have an n-type base and a p+ emitter at the rear. The 
rear local Al contacts collect holes from the emitter of the solar cell. The metal contact 
fraction f has an impact on the total recombination current Joe of the emitter. Following 
the approach of Ref. [Aberle 1991, Cuevas 1999], J0e can simply be written as: 
passemetee JfJfJ ,0,00 )1(  ,                                           (2.12) 
where J0e,met is the recombination current at the metal contacted area and J0e,pass is the 
recombination current at the dielectrically passivated area of the emitter.  
 
Not only the metal fraction, but also the specific opening geometry (such as the opening 
radius r for point contacts) of the contact have an impact on the series resistance of the 
cell. The current flow in an n-PERT solar cell is illustrated in Fig. 2.8. The current is 
generated uniformly (in the x-direction) in the unshaded part of the solar cell. A 
constant potential surface is assumed at the edge of the space charged region (SCR). 
Therefore, it can also be assumed that the holes will only travel in the y-direction in the 
bulk and the x-direction in the emitter before they reach the rear local contact.  
 
Fig. 2.8 Schematic illustration of the current flow in an n-PERT solar cell. 
 
 















rearSbulkSfrontStotalS RRRR ,,,,                                                          (2.13) 
where Rs,front is the series resistance at the front contact, Rs,bulk is the series resistance in 
the bulk and Rs,rear is the series resistance due to the emitter and the rear local contact.  
 
The resistive loss due to the emitter with a line or an H-patterned contact was well 
studied previously [Goetzberger 1998, Mette 2007]. In this work, we will focus on the 
derivation of the resistive loss due to the emitter with a point-contact pattern. Only local 
point-contacts were applied at the rear of the n-PERT cells. As shown in Fig. 2.9, Rs,rear 
can be further decomposed into three contributions: 
emSrcoSrspSrrearS RRRR ,,,,  ,                                                      (2.14) 
where RSr,sp, RSr,co and RSr,em represent the spreading resistance, the contact resistance 
and the emitter resistance at the rear correspondingly. 
  
Fig. 2.9 Illustration of the series resistance component at the rear of a n-PERT solar cell. 
 
 
The spreading resistance RSr,sp is associated with the nonparallel current flow between 
a spatially separated source and sink and can be calculated using the following 









































                                        (2.15) 
emSheetem WR * ,                                                                              (2.16) 
where r is the radius of the rear point contact, Wem is the width of the SCR, ρem is the 
resistivity of the emitter, p is the pitch of the points and RSheet is the sheet resistance of 








resistance [Brooks 1971]. The smallest derivation is achieved when n is equal to 1.72 
[Fischer 2003, Plagwitz 2007]. 
 
The derivation of the emitter resistance is similar to the approach by Goetzberger 
[Goetzberger 1998]. The ohmic loss contribution of the emitter depends mainly on the 
emitter sheet resistance and the contact pattern. We choose a unit cell with dimension 
of p/2 * p/2 and covering one quarter of the contact as shown in Fig. 2.10. 
 
Fig. 2.10 Schematic illustration of a unit cell chosen for the derivation of the emitter 
resistance, where ja is the current density, p is the pitch of rear opening, r is the radius of 
rear opening, l is distance from the point of interest to the centre of the dot opening; R is the 
angle from the direction of X to the direction of l, x is the length of the projection of l on the 
X direction; L is the distance from centre of the dot opening to the end of the unit cell in the 
direction of l. 
 
 
We first define an effective series resistance due to lateral transportation of carriers in 









R  ,                                                                                       (2.17) 
where Pe_loss represents the electrical power loss due to the correspondent resistance 
and Iuc represents the total current generated by the correspondent unit cell. Iuc can be 
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where l is distance from the point of interest to the centre of the dot opening, R is the 
angle from the direction of X to the direction of l and L is the distance from centre of 
the dot opening to the end of the unit cell in the direction of l. The resistance of the 









                                                                    (2.20) 
Thus, we can write the power loss at the specific point, ΔPe_loss by using Joule's law and 
Ohm's law as: 
2
),(_ Rxemlosse IRP                                                                                 (2.21) 
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                                                                                                 (2.25) 
Negligible RSR,co is expected for the contact of Al with highly doped silicon [Goetz-
berger 1998, Burger 1972]. For our n-PERT samples with rear surface doping greater 
than 1019 cm-3, the RSr,co is expected to be smaller than 10-3 Ωcm2 [Goetzberger 1998, 
Burger 1972]. By combining Eqs. 2.15, 2.24 and 2.25, we can calculate Rs,rear at a given 
point-contact opening geometry and metal fraction.  
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2.3  The progress in the rear local contact formation 
 
2.3.1  Laser ablation 
One of the main challenges in fabricating the PERL or PERT type solar cells is the 
opening of the rear dielectric for localized contacts. Laser ablation is presently 
considered the most industrially feasible candidate for the local opening of the rear 
dielectric, and has been intensively investigated in recent years. Unintended laser 
induced damage such as heat affected zones and micro-cracks can be caused by the 
ablation process, which can adversely affect the performance of the device. Short and 
ultra-short pulsed laser ablation has proven to reduce this damage when the ablation 
parameters are well chosen [Rana, 2009, Knorz 2009, Ihlemann 1995, Engelhart 2007]. 
 
It is important to characterize this induced damage to the underlying silicon, and to 
optimize the ablation parameters accordingly. Photoluminescence measurements were 
previously used to examine the electronic quality of the bulk Si after the local laser 
ablation of a dielectric stack of AlOx and SiNx [Du 2012a]. The damage caused by the 
laser ablation of a thermally grown SiO2 film on a p
+ emitter was studied by extracting 
the emitter saturation current density at the laser ablated region [Engelhart 2007]. 
 
2.3.2 Back surface field (BSF) formation 
A highly doped layer at the rear of a silicon wafer solar cell, such as a n+pp+ or a p+nn+ 
structure, usually improves the carrier collection and reduces the rear surface 
recombination velocity. This structure is traditionally referred to as the ‘back surface 
field’ (BSF). Formation of a uniform and highly doped BSF is very important for the 
efficiency of the devices, such as the Al-LBSF solar cell. In this section, the benefit 
and formation of the BSF will be presented. Furthermore, the formation of a local BSF 
by Al-Si alloying in the Al-LBSF cell will be explained in detail. 
 
26 
2.3.2.1 Introduction of the back surface field 
The physical mechanism and the benefits of a BSF in a silicon wafer solar cell are 
known since the 1970s [Haynos 1974, Mandelkorn 1972, Michel 1975, Hauser 1977, 
Fossum 1977, Mandelkorn 1973]. The term 'back surface field' (BSF) was first 
introduced to PV [Mandelkorn 1973 JAP] to explain the electric field generated by a 
low-high (pp+ or nn+) unipolar junction at the back surface of the device. This field 
creates a barrier to stop the minority carriers, such as the electrons in the p-type 
Al-LBSF cell, from flowing to the rear surface, and minimizes rear surface recombi-
nation [Fossum 1977]. It has recently been argued that the term ‘hole collector’ (for the 
pp+ structure) is a more appropriate term to describe this region [Cuevas 2013c], 
because, under illumination, the gradient of the chemical potential plays a more 
important role to minimize rear surface recombination than the electric field does. 
However, the term BSF is still more widely used in PV research and thus will be used 
in this thesis. As the thickness of the silicon wafer is becoming increasingly thinner, 
surface recombination at both the rear and front surface is becoming more important. 
Thus, the BSF becomes increasingly important to minimize the recombination losses 
at the rear.  
 
In the case of a p-type silicon wafer solar cell, the highly doped p+ layer can be formed 
by many ways, such as the Al-Si alloying process, a diffusion of Al, or by a boron 
diffusion. The diffusion of boron gives a more uniform and effective BSF and a better 
dopant profile. Also, the solid solubility of boron in silicon is more than 10 times higher 
than that of aluminium [Vick 1969]. Thus, the doping of the p+ layer generated by 
boron diffusion could be one order of magnitude higher than that can be achieved by 
Al-Si alloying [Müller 2012]. The presence of the BSF repels the minority carriers 
away from the rear surface. The concentration of the dopants and the thickness of the 
BSF are important in order to reduce the recombination. For an effective BSF, the 
doping at the surface of the p+ region has to be higher than 1019 cm-3, and the depth of 
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the BSF should be several microns [Slade 2003]. When the concentration of the dopants 
in this p+ layer is higher, the electric field in the BSF is higher, and the recombination 
under the rear contact is lower. In addition, boron diffusion is a better controlled 
process than Al-Si alloying in terms of uniform doping profile and thickness of the 
doping layer. By forming a local boron BSF below the rear point contacts using boron 
diffusion, in the 1990s UNSW fabricated a 25.0% efficient PERL (Passivated Emitter 
Rear Locally diffused) p-type silicon wafer solar cell [Zhao 1999]. 
 
BSFs generated by Al have been intensively studied, such as its application in the 
Al-BSF and Al-LBSF silicon wafer solar cells. As mentioned earlier, already in 1991 
efficiencies of above 20% were achieved for laboratory Al-LBSF cells [Aberle 1991], 
and this efficiency level has recently been matched by large-area (156 mm × 156 mm) 
screen-printed Al-LBSF Cz p-type Si cells [Mohr 2011, Münzer 2011]. The formation 
of a BSF using Al-Si alloying is usually less uniform and controllable. However, it is 
more cost-effective than B-diffusion and requires less processing steps, especially 
when the deposition of Al is done by screen printing. Thus, since the 1990s it is widely 
applied in the industrial mass production of p-type silicon wafer solar cells, to form the 
BSF. The mass production of screen-printed Al-LBSF cells is expected soon. 
 
In the next section, the formation of a BSF by the Al-Si alloying process will be 
explained. This is important for the optimization of local contacts for Al-LBSF cells. 
 
2.3.2.2 Formation of BSF by Al-Si alloying 
 
Al-Si interaction: 
After the Al is deposited on the rear of the p-type silicon wafer, a high-temperature 
firing step is normally applied to form the Al BSF at the interface of Si and Al. The 
alloy process takes place during the firing and is described in the Al-Si phase diagram 
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[Murray 1984] in Fig. 2.11. The BSF formation in solar cell applications has been well 
studied [Del Alamo 1981, Krause 2011]. 
 
 
Fig. 2.11 The Al-Si phase diagram [Murray 1984]. 
 
 
During the firing process, the temperature increases from room temperature to a peak 
temperature of 800-900 °C, and then cools down to room temperature. When the 
temperature increases to 660°C (from P1 to P2 in Fig. 2.11), Al starts to melt and the 
alloying process begins. More and more Si at the Al-Si interface dissolves into Al until 
the temperature dependent percentage of Si is reached, which follows the liquidus 
curve. A liquid Al-Si melt with a 17% silicon concentration is formed. When the 
temperature continues to rise, more silicon diffuses into the melt. At thermal 
equilibrium, the atomic percentage of Si in the melt increases with increasing temper-
ature, again following the liquidus curve. When the peak temperature is reached at P4, 
the maximum amount of Si is dissolved in the Al-Si melt. 
 
During cooling down, the diffusion mechanism is reversed. Si is rejected from the Al-Si 
melt at the interface of the Si and the Al-Si melt. The decrease in the concentration of 







crystallize while Al atoms are incorporated into the growing Si layer. These Al atoms 
serve as the dopants and form an Al doped p+ layer at the interface. P5 in the Al-Si 
phase diagram indicates the eutectic point of the Al-Si alloy system. When the 
temperature reaches the eutectic temperature (~577°C), the remaining Al-Si melt 
solidifies and forms the eutectic layer. The eutectic layer has a compact structure 
consisting of Al with about 12.6 wt% of Si in a lamella structure [Shankar 2004]. 
 
Full-area Al back surface field formation: 
The Al-BSF formation depends on the firing conditions [Park 2012, Yi 2010] and the 
amount of Al available during the alloying process. The maximum BSF depth dp+ can 






























                                                                      (2.26) 
where mAl represents the mass of Al contributing to the melt, ρsi is the density of silicon, 
A is the interface area between Si and Al, f(Tpeak) is the atomic weight percentage of 
silicon in the Al-Si melt at peak temperature, and f(Teut) the silicon atomic weight 
percentage at the eutectic temperature ( 12.6%). dp+ is an important parameter to 
characterize the quality of the BSF. An increase in field-effect passivation is observed 
from a thicker Al-p+ layer as a result of the higher doping concentration [Müller 2011]. 
Therefore, it is crucial to form a uniform and thick Al p+ layer at the rear local contact.  
 
Local Al back surface field formation: 
During the formation of the local Al BSF, only parts of the rear Si surface are in contact 
with Al and participate in the Al-Si interaction. In the example of Al-LBSF cells 
investigated in this thesis, the rear dielectric layer is first opened locally by a laser 
ablation process, as shown schematically in Fig. 2.12. Then a layer of Al with thickness 
of ~25 µm is deposited on the entire rear surface by screen printing. During the firing 
step, the silicon at the opening is dissolved into the Al paste above and near the opening. 
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The silicon is rejected back during cool down. A layer of Al p+ layer is formed at the 
interface of Si and Al under the local opening. A cross-sectional SEM image of a local 
Si-Al contact (Fig. 2.13) illustrates the different layers resulting from this contact 
formation process. In this thesis, a SEM (Auriga, Carl Zeiss) was used to investigate 
the local rear contact formation. The p+ layer appears brighter in SEM images than the 
bulk of the silicon wafer, due to different local ionization energies [Sealy 2000]. A stain 
etching is typically applied to the sample to make the p+ layer even more visible. 
 
 
Laser ablation Screen printing Co-firing 
 
Fig. 2.12 Schematic illustration of local contact formation and lateral transportation of Si in 




Fig. 2.13 Cross-sectional SEM micrograph (5 kV, 936X) of an ideal local Al-Si contact. 
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Fig. 2.14. Schematic illustration of the rear line contact of a screen-printed Al-LBSF test  
sample (not to scale). 
 
According to Refs. [Del Alamo 1981, Krause 2011, Müller 2012], the BSF depth dp+ 
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where tAl represents the thickness of the deposited Al layer, and ρAl is the density of Al, 
(a+2∆) is the length of maximum spread of Si in the Al layer after firing, as shown in 
Fig. 2.14. Therefore, at a fixed peak firing condition, dp+ is directly proportional to 
(a+2∆)/a, where a is the line width. Only the line-contact pattern will be used in the 
application of Al-LBSF cells in this thesis. The equations of BSF depth dp+ at the local 











2.4  Summary of the Chapter 
 
In this chapter, the development of high-efficiency crystalline silicon wafer solar cells 
was discussed. A trend towards the industrial application of local rear contacts in 
advanced cell structures is observed, representing a move away from the traditional 
full-area rear metal contact. The formation of the local contact becomes more difficult 
when the contact fraction gets smaller. Therefore, the local contact formation is 
investigated in detail in this thesis, using two types of high-efficiency silicon wafer 
solar cell: the p-type Al-LBSF solar cell and the n-type PERT solar cell. In the 
theoretical analysis, it was shown that a lower contact fraction leads to higher resistive 
losses and lower recombination losses. For both types of cells, their rear recombination 
parameters and the additional series resistance due to the local contact were reviewed 
as a function of the local contact geometries. The state of the art of the simulations for 
solar cells with rear local contacts was discussed. 
 
For the p-type Al-LBSF solar cell, a BSF underneath the rear contact is needed for a 
better PV efficiency. The benefit and formation of the BSF was also discussed in this 
chapter. Boron diffusion gives a more uniform BSF with higher achievable doping 
concentration and better passivation under the contacts. However, the formation of a 
BSF by Al-Si alloying is more attractive industrially (due to its low cost) and thus is 
applied in our Al-LBSF cells. dp+ is an important parameter to characterize the quality 
of the BSF. In the case of Al local BSF formation, dp+ depends largely on the opening 
geometries. For the n-type PERT solar cells, a BSF is not needed as the emitter is placed 
at the rear and is directly connected to the Al. Instead, a front surface field (FSF) is 
needed at the front of the n-PERT cells to minimize the front recombination. The 




Laser ablation was chosen for forming the openings in the dielectric at the rear of both 
types of solar cells studied in this thesis. Minimizing the laser induced damage is a very 
important aspect of the laser ablation process.  
  
In conclusion, the optimization of the rear local contacts of industrially relevant silicon 
wafer solar cells is not straightforward. Numerous factors, such as the balance of the 
resistive loss and recombination loss, an effective formation of the BSF (in the case of 
Al-LBSF solar cells), and the low-damage laser ablation of the rear dielectric, will be 
taken into consideration in the later chapters of this thesis.   
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Chapter 3. Processing and Characterization Techniques 
 
3.1. Processing flow of p-type Al-LBSF and n-type PERT cells 
 
In this thesis the local rear contact formation process is investigated in detail for two 
types of silicon wafer solar cells: the p-type Al Local Back Surface Field (Al-LBSF) 
solar cell and the n-type rear-junction 'passivated emitter rear totally diffused' (PERT) 
silicon wafer solar cell. The structures and processing flows of these two types of solar 
cells are introduced in this section. 
 
3.1.1 p-type Al-LBSF silicon wafer solar cells 
The p-type Al-LBSF silicon wafer solar cells investigated in this work have a p-type 
bulk and a POCl3 diffused homogenous emitter at the front. Holes are collected at the 
rear by the Al electrode. There are different types of techniques to deposit the Al at the 
rear of the solar cell. In this work predominantly screen printing was used. In the 
experiments discussed in Chapter 5.3, the rear Al of some of the Al-LBSF solar cells 
was deposited using sputtering in a SV500 system from FHR, Germany.  
 
Monocrystalline silicon wafer solar cells: 
The processing flow used for the fabrication of monocrystalline Al-LBSF solar cells 
and test samples is shown in Fig. 3.1(a). The resulting structure of the solar cell is 
shown in Fig. 3.1(b). This processing flow was implemented for the experiments of 
Chapter 5. The complete solar cells with screen-printed Al rear contacts were fabricated 
on 156 mm × 156 mm p-type Cz mono-Si wafers with a bulk resistivity in the 1-3 Ωcm 
range. After a cleaning procedure including a diluted KOH (10%) saw damage etch, a 
100 nm thick masking layer of silicon nitride (SiNx) was deposited by plasma-enhanced 
chemical vapour deposition (PECVD) onto the rear, followed by single-side texturing 
and phosphorus diffusion at the front. The phosphosilicate glass (PSG) and SiNx mask 
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were then removed by etching in diluted HF (10%). Next, a 70 nm thick SiNx 
antireflection coating was deposited by PECVD onto the front of the wafers and a stack 
of 40 nm aluminium oxide (AlOx) and 100 nm SiNx was deposited onto the rear of the 
wafers. All dielectric layers were deposited by PECVD in an industrial inline 
deposition system (SiNA-XS, Roth & Rau). The wafers were then completed into full 
solar cells with laser-opened contacts followed by screen printing of a ~20 m thick Al 
paste. For the laser dielectric ablation [Du 2012a], a laser with picosecond pulses 
(duration ~10 ps, wavelength 532 nm) was used (Super Rapid, Lumera). After laser 
processing, samples were etched for 60 s in diluted KOH to remove the laser induced 
damage to the bulk c-Si. Subsequently the samples were fired in an industrial belt fast 
firing furnace (Ultraflex, Despatch Industries) with a set peak temperature of 750 or 
800 C. Test samples with the same processing flow and cell structure but without Ag 
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Multicrystalline silicon wafer solar cells: 
A batch of p-type 6 inch wide multicrystalline silicon Al-LBSF solar cells with 
homogenous n-type emitter was also fabricated in this thesis according to the 
processing flow of Fig. 3.1(c). This processing flow was implemented for the 
experiments in Chapter 4. The wafers were wet-chemically textured on both sides, 
followed by a phosphorus diffusion of 70 /square. After wet-chemical edge isolation 
and phosphosilicate glass (PSG) removal, a 100 nm thick masking layer of silicon 





Fig. 3.1. (a) Experimental process flow of the monocrystalline Al-LBSF solar cells. The peak 
temperature during the co-firing step was 750 or 800 C. (b) A schematic of the final Al-LBSF solar 
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(‘SERIS etch’ [Basu 2013]) developed at SERIS was used for rear side polishing. The 
wafers were then split into three groups. The masking layer of the Group C samples 
was removed by etching in diluted HF (10%), and a 70 nm SiNx antireflection coating 
was deposited onto the front of the samples. A stack of 40 nm aluminium oxide (AlOx) 
and 100 nm SiNx was then deposited onto the rear of the wafers of all groups. All the 
dielectric layers were deposited by PECVD in an industrial inline deposition system 
(SiNA-XS, Roth & Rau). All groups were completed into full solar cells with optimized 
laser-opened line contacts (100 m wide lines with a pitch of 1.0 mm [Du 2012 a, Du 
2012 b, Chen 2013]). For the laser processing step, a laser with picosecond pulses 
(duration ~10 ps, wavelength 532 nm) was used (Super Rapid, Lumera). Solar cells of 
Group A received a short KOH dip (10%, 70 C) after laser ablation to remove possible 
laser damage [Du 2012 a]. Cells from all groups were then fired in an industrial belt 
fast firing furnace (Ultraflex, Despatch Industries) with a set peak temperature of 800 
C. For reference purposes, standard full-area Al-BSF solar cells were also fabricated 
in this experiment.  
 
3.1.2 n-type PERT silicon wafer solar cells 
Monocrystalline n-PERT solar cells and test structures were fabricated in this thesis 
according to the process flow of Fig. 3.2(a) on IMEC’s pilot line for Si wafer solar 
cells. The resulting structures for the test sample and the solar cell are shown in Fig. 
3.2(b) and Fig. 3.2(c). The n-type PERT silicon solar cells investigated in this work 
consist of an n-type bulk and a BBr3 diffused homogenous emitter at the rear. After a 
saw damage etch, a boron diffusion (TS81004, Tempress) was applied at both the front 
and the rear. The resulting boron emitter had a sheet resistance of 95 ± 5 Ω/square. A 
silicon oxide layer (SiO2) was grown on both sides of the wafer by wet-oxidation 
(Semco, UPSYS). The dopants were also driven-in in this step. The wafers were then 
split into two groups. One group was fabricated into test samples and the other group 
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was processed into full solar cells. For the group of solar cells, the front-side oxide was 
removed by HF. The wafers were textured in a TMAH-based solution resulting in 10.0 
± 0.5% reflection at wavelength of 700 nm. This was followed by a POCl3 diffusion 
(TS81004, Tempress). The PSG was removed in HF dip followed by a dry oxidation 
(TS81004, Tempress). The previous step resulted in a n+ front surface field (FSF) with 
Rsheet of 110 Ω/square. An anti-reflective coating (ARC) layer of silicon nitride (SiNx) 
was deposited on the front side of the sample by PECVD (TS81004, Tempress). The 
rear dielectric was ablated locally by a ps laser (Coherent, Aethon Laser Platform). 
Subsequently a 2 µm thick Al film was sputtered (In-line sputtering A600, Leybold) 
onto the rear followed by a sintering step. The SiNx at the front was then ablated by a 
ps-laser to form the front opening pattern. An in-line industrial plating pilot line from 
Meco (Direct Plating Line) was used for front metallization. Ni + Cu light induced 
plating (LIP), Cu electro-plating and Ag immersion plating were applied [Tous 2012]. 
Finally, a rapid thermal anneal (RTA) was performed in a belt furnace from BTU 
(VMCA belt furnace) to form nickel silicide and thereby improve the front contact 
resistance [Russell 2012]. For the group of test samples (investigated in Chapter 6), 9 
boxes (4 x 4 cm2) with different contact fractions were opened by picosecond (ps) laser 
ablation (Aethon Laser Platform, Coherent) on the rear surface after a forming gas 
annealing (FGA). The peak laser fluence F was optimized to minimize laser-induced 
damage. F (in units of J/cm2) is defined as the pulse energy density at the peak position 
of the Gaussian beam profile. Parallel to the laser-ablated samples, reference samples 
were fabricated for comparison. In case of the reference sample, 9 boxes were locally 










Fig. 3.2. (a) Experimental process flow of the test structures and n-PERT solar cells. (b) A 
schematic of the test structure and (c) A schematic of the final n-PERT solar cell structure 
obtained in this experiment 
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Photoluminescence imaging, I-V measurements and scanning electron microscopy 
were frequently used in this thesis work to characterize solar cells and test samples. 
Their working principles will be explained in this section. Other common characteri-
zation techniques, such as the minority carrier lifetime, ellipsometry and four-point 
probe measurements are also briefly introduced. 
 
3.2.1 Photoluminescence imaging 
Photoluminescence (PL) intensity imaging plays a very important role in this thesis in 
characterizing the quality of the rear contact formation of the final device. It is a fast, 
efficient and spatially resolved characterisation technique for silicon wafer solar cells 
[Abbott 2006, Herlufsen 2010, Herlufsen 2009, Trupke 2006]. Excess electron-hole 
pairs are generated in the silicon wafer when photons with energy greater than its 
bandgap (1.12 eV at 300 K) are absorbed. This leads to a splitting of the electron and 
hole Fermi levels in the silicon. Subsequently, some of these electron-hole pairs 
recombine and emit photons according to the generalised Planck law [Wuerfel 1982]. 
The generalised Planck equation describes the electromagnetic radiation emitted by a 
semiconductor black body in thermal equilibrium at a certain temperature, assuming 
that all emitted radiation with energy above the bandgap energy is due to radiative 
recombination. Photoluminescence imaging employs this mechanism to characterize 
the electronic properties of a device.  
 
At both SERIS and IMEC, PL imaging was conducted using the LIS-IR tool from BT 
imaging, with a lateral resolution of 160 µm (using the standard lens) or 25 µm (using 
the high magnification lens). In this thesis, all the PL images have a resolution of 160 
µm. An example of the photoluminescence imaging setup is illustrated in Fig. 3.3 
[Herlufsen 2009]. The tool consists of a wafer mounting stage, an infrared laser and a 
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cooled charge-coupled device (CCD) camera. A quasi-steady-state photoconductance 
(QSSPC) system (Sinton, WCT100) and a calibrated Si solar cell are also integrated in 
the stage of the setup for minority carrier lifetime (MCL) imaging of a non-metalized 
sample and is furthermore used to covert PL images into spatially resolved lifetime 
images. This function is not used in this thesis. 
 
Fig. 3.3 Schematic illustration of the photoluminescence imaging setup [Herlufsen 2009]. 
The RF-Generator/coil is part of the quasi-steady-state photoconductance (QSSPC) system 
(Sinton, WCT100) integrated in the stage. 
 
 
During the photoluminescence measurement, the entire wafer is first uniformly 
illuminated at a constant intensity by an infrared laser with a central wavelength of 
808nm within a predefined exposure time. Free carriers are generated in the wafer by 
photo-generation, whereby some of them then recombine radiatively. Band-to-band 
luminescence is emitted in the process. The luminescence signal (~1140 nm for Si) 
generated by the radiative recombination is then captured by the CCD camera. A 
mapping of luminescence signals throughout the wafer can be generated. Regions with 
high luminescence intensity appear brighter in the resulting images. As photolumines-
cence measurements are normally taken at a photon flux equivalent to AM 1.5G, it 
provides the electronic properties of typical solar cells at operating conditions. The Air 
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Mass (AM) is the path length which light takes through the atmosphere normalized to 
the shortest possible path length. It varies throughout the day. The AM1.5G spectrum 
(where G stands for ‘global’, i.e., the sum of the direct and the diffuse components of 
sunlight) is the international standard spectrum for terrestrial solar cells. It corresponds 
to an angle of 48.2° between the observer’s zenith and the position of the sun. The 
measurement process is very fast. It takes 0.2 s to 30 s depending on the wafer quality 
and measurement requirements. The exposure time is an important experimental 
parameter to minimize the signal to noise ratio and to avoid saturation of the camera. 
During the sample preparation, it is also important to ensure that the reflectance of the 
sample is uniform throughout the wafer. 
 
In a photoluminescence measurement, the measured photoluminescence intensity (IPL) 
scales in first order with the amount of photons emitted due to radiative recombination 
in the sample. IPL can be described by 
2)( nCnCNnI APL      (3.1) 
where C is a calibration constant, NA the bulk doping concentration, and Δn the excess 
carrier concentration [Herlufsen 2009]. Δn scales linearly with the effective lifetime eff 
under steady-state illumination conditions and the relationship is  
Gn eff        (3.2) 
where G is the electron-hole pair generation rate. Assuming low-level injection 
conditions, IPL scales linearly with eff   
GCNI effAeffPL  )(      (3.3) 
For samples with relatively high eff values, τeff can be written as [Sproul 1994]:  
  WSS rearefffronteffbulkeff ..11     (3.4) 
where τbulk is the bulk lifetime, Seff.front and Seff,rear are the effective front and rear surface 
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recombination velocity and W is the wafer thickness. With a high τbulk and compara-
tively good front surface passivation (due to the front surface passivation layer and the 
p-n junction), the τeff of the sample is predominantly affected by the Seff,rear. As IPL scales 
linearly with eff, it can be used to assess the rear surface’s electronic quality [Chen 
2012a]. The IPL mapping is frequently used in this thesis to investigate the rear contact 
formation (Chapter 5). In order to minimize of impact of the variation in the electronic 
quality in the bulk and at the front surface of the samples, it is important to use samples 
with a high bulk resistivity and good front surface passivation. 
 
A mapping of electroluminescence (EL) and series resistance (RS) could also be 
generated with an external bias of the sample. In an electroluminescence measurement, 
free carriers are injected into the sample via the external power source. For EL and RS 
imaging, a complete solar cell with both front and rear metallization is required. 
 
In the series resistance measurement, the local series resistance of the cell is computed 
from a set of voltage biased photoluminescence measurements. Free charge carriers in 
the cell are generated by an infrared laser, while the cell is simultaneously biased by 
the external power supply. We can extract the local series resistance by combining the 
photoluminescence images at different bias levels. The global series resistance of the 
whole solar cell is calculated from the arithmetic mean value of the series resistance of 
each pixel [Ramspeck 2007]. The computation of the series resistance mapping will be 
explained in more detail in Chapter 4. 
 
3.2.2 I-V measurements 
The I-V curve is the most important characteristic of a solar cell. The I-V curve of a 
solar cell is measured by an I-V tester. By biasing the cell with an external voltage 
source, the corresponding current of the cell is measured. By illuminating the cell with 
different light intensities, we will obtain different I-V characteristics of the same solar 
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cell, such as the one-Sun illumination I-V curve, dark I-V curve, and Jsc-Voc I-V curve. 
A schematic of an I-V -tester is shown in Fig. 3.4 [PVCDROM].  
 
Fig. 3.4 Schematic of a typical I-V tester [PVCDROM]. 
 
 
The I-V characteristics of the solar cells are measured at standard test conditions (STC). 
Under STC, the temperature of the cell, more specifically the p-n junction, is main-
tained at 25 °C, the spectrum of the incident light is matched with AM 1.5G, and the 
intensity of the light source is 1 kW/m2. Calibration is always needed to ensure that 
STC are being used. In SERIS, the one-Sun illuminated I-V and dark I-V curves were 
measured by the one-Sun I-V tester (SolSim-210, Aescusoft). It had a super-class-A 
solar simulator (WXS-220S-L2, Wacom) that illuminated an area of 220 mm × 220 
mm. In IMEC, also a Wacom light source (WXS-220S-L2AM15GMM) was used. Jsc-
Voc curve was plotted using Sinton Suns-Voc method (Sinton, Suns-Voc) in both labs. 
In this method, incident light intensity is measured with a calibrated solar cell. The light 
intensity is converted to the Jsc of the test sample.  
 
The basic I-V parameters of a solar cell can be extracted from the measured one-Sun I-
V curve. An example of a one-Sun I-V curve is shown in Fig. 3.5. Several important 
parameters of a solar cell can be identified from its one-Sun I-V curve, such as the open-
circuit voltage Voc, short-circuit current density Jsc, fill factor FF, efficiency , 
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maximum power point (MPP), maximum power point voltage (Vmpp) and maximum 
power point current density (Jmpp.). 
 
Fig. 3.5 An example of an illuminated one-Sun I-V curve. 
 
 









 ,     (3.7) 
where Pmpp is the maximum power delivered by the solar cell and Pin is the input power 





FF        (3.8) 
FF is used to calculate the maximum power of a solar cell from the product of VOC and 
ISC. It is a measure of the "rectangularness" of the I-V curve of the solar cell and has a 
typical value in the 75-82 % range for crystalline silicon solar cells. The higher the FF, 
the higher the maximum power and thus the higher the solar cell efficiency. FF is 
strongly influenced by recombination currents and ohmic resistances, such as the J02 
recombination current, shunt resistance and series resistance. A high J02 recombination, 
high series resistance or a low shunt resistance will lead to a low FF, and eventually a 
lower efficiency of the solar cell according to Eq. (3.7, 3.8). 
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The dark I-V measurement measures the I-V characteristics of the solar cell under dark 
conditions, where there is no photocurrent generated. Similarly, a varying voltage is 
applied to the solar cell and the current passing through the solar cell is measured. An 
example of a dark I-V curve is shown in Fig 3.6(a). As the change of the current at 
lower voltage is very small, dark I-V is typically plotted with a log scale on the y axis. 
The dark I-V curve is important to extract specific solar parameters such as the shunt 
resistance Rsh, and to compare diode properties such as the local ideality factor and the 





Fig. 3.6 An example of (a) dark I-V curve and (b) Jsc-shifted Jsc-Voc I-V curve. 
 
 
The Jsc-Voc I-V curve is not affected by the impact of the series resistance (when the 
series resistance is not too high). An example of a Jsc-shifted Jsc-Voc I-V curve is shown 
in Fig. 3.6.(b). The Jsc-Voc I-V curve could be formed by measuring the Jsc and Voc of 
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the cell over a large range of illumination levels. In this work, Jsc-Voc I-V curves are 
obtained by Sinton's Suns-Voc method (Sinton, Suns-Voc). Jsc-Voc curve provides 
information of fundamental diode characteristics of the solar cell without the effect of 
the series resistance. By interpreting Jsc-Voc curve, shunt resistance, dark saturation 
current densities, upper boundary of efficiency (the pseudo efficiency) and fill factor 
(the pseudo fill factor) can be obtained.  
 
3.2.3 Other metrology techniques used in this thesis 
Besides photoluminescence, I-V measurement and scanning electron microscopy, there 
are several other common characterization methods frequently used in this thesis, such 




Spectroscopic ellipsometry (SE) is an optical characterization technique that is 
commonly used to investigate the properties of dielectrics. In this thesis, SE is 
frequently used to characterize the passivating dielectrics deposited for the Al-LBSF 
and n-PERT solar cells. During an ellipsometry measurement, electromagnetic 
radiation is emitted by the light source and polarized linearly by a polarizer before it 
strikes the surface of the sample. After the reflection, the light will pass through a 
second polarizer (also called as analyser) and be detected by a detector. Dielectric 
properties of the passivation layers can be extracted from the measurement.  
 
Effective minority carrier lifetime measurements: 
The effective minority carrier lifetime of a sample can be measured by a lifetime tester. 
In both labs (SERIS and IMEC), a photoconductance lifetime tester (WCT-120, Sinton) 
was used. The lifetime tester can operated in two modes: quasi-steady-state and 
transient mode. The quasi-steady-state mode is normally applied when the lifetime of 
48 
the sample is short (< 200 µs). The transient mode is applied when the lifetime of the 
sample is long (> 200 µs). In the quasi-steady-state photoconductance (QSSPC) 
measurement, the sample is subjected to a long, slowly decaying light pulse. The 
conductance of the sample is measured and converted to the excess carrier 
concentration Δn. The light intensity is measured and converted to the electron-hole 
pair generation rate G within the sample. The lifetime τeff  can therefore be calculated 
using Eq. 3.2. 
 
In the transient photoconductance (TPC) measurement, the sample is subjected to a 
short light pulse. The sample’s photoconductance is measured by an inductively 
coupled coil and converted to Δn. The change of the conductance over time t can also 






        (3.9) 
The lifetime in Eqs. 3.2 and 3.9 is the effective lifetime of the sample τeff. It is 
determined by all recombination processes in the sample. For a sample with non-









    (3.10) 
where τbulk is the bulk lifetime of the sample, Seff,front and Seff,rear are the effective front 
and rear surface recombination velocities, and W is the thickness of the sample. For a 



















where Joe,F and Joe,R are the front and rear emitter saturation current densities, NA is the 
background doping in the wafer, and ni is the intrinsic carrier concentration of c-Si. 
This equation is valid when the emitter recombination current densities are relatively 




Four-point probe is a simple and fast characterization technique to measure the 
resistivity of samples. As the name suggests, it has four probes: two current probes and 
two voltages probes. Current is passing through the outer two probes, and the resulting 
voltage difference is measured by the two inner probes. It is capable to measure the 
sheet resistance of an emitter layer when there is a p-n junction. If a non-diffused 
sample is measured, the bulk resistivity of the wafer can be calculated by multiplying 




3.3  Summary of the Chapter 
 
In this chapter, the cell structures and processing flows of p-type Al-LBSF and n-type 
PERT cells were discussed in Section 3.1.1 and 3.1.2, respectively. The application of 
photoluminescence imaging and I-V measurements are explained in Section 3.2. 
Photoluminescence intensity imaging measures the radiative emission of the sample 
under illumination. It is very fast and capable of providing spatially resolved 
information. It is frequently applied in this work when studying the local contact 
formation for Al-LBSF cells and the evaluation of the laser induced damage for n-
PERT cells. By a sequence of voltage biased photoluminescence images, the series 
resistance image of the samples can be constructed. I-V measurements, including one-
Sun I-V, dark I-V, and Jsc-Voc I-V curves, provide valuable information on the most 
important parameters of a solar cell. Other common characterization techniques in solar 
cell research, such as the QSSPC lifetime, ellipsometry and four-point probe, were also 
briefly discussed in this chapter. 
  
51 
Chapter 4. Accurate Series Resistance Measurement of Silicon Wafer Solar 
Cells 
 
4.1 Methods to determine Rs,lightMPP 
 
4.1.1 Rs,light.MPP determination using I-V curves 
As discussed in Chapter 2, the formation of local contacts has a significant impact on 
the resistive losses of the final solar cell device. High resistive losses results in a lower 
fill factor and thus a lower efficiency of the solar cell. Therefore, it is important to 
accurately extract the series resistance of a solar cell for further optimization. The 
current state-of-the-art methods for determining Rs,light.MPP using I-V curves are the 
following [Pysch 2007]: Comparison of dark and one-Sun light I-V measurements 
(DIV-LIV method) [Aberle 1993a], comparison of one-Sun light I-V and Jsc-Voc 
measurements (Jsc-Voc method) [Aberle 1993a, Wolf 1963], and comparison of light 
I-V-curves under different illumination levels (double-light method) [Wolf 1963]. The 








To investigate the differences between the Rs,light.MPP values determined by the different 
methods, we need to discuss these methods and their boundary conditions in more 
detail. In the DIV-LIV method, the Jsc-shifted one-Sun light (LIV) and dark I-V curves 
(DIV) are compared. Assuming constant saturation current densities, negligible impact 
of both the shunt and the series resistance in the dark [Aberle 1993b], the voltage 
difference (∆VDIV_LIV) between these two curves can solely be attributed to the one-Sun 










      (4.1) 
Where Jmpp is the current at the maximum power point. The Jsc-Voc method is not 
affected by the impact of the series resistance, as neither Jsc nor Voc of reasonably good 
Si wafer solar cells are affected by the Rs. Similarly, a voltage difference (∆VJsc_Voc) at 
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MPP between its Jsc-shifted one-Sun I-V curve and Jsc-Voc curve can be observed. 










        (4.2) 
In the double-light level method, the light I-V curves are measured at two illumination 
intensities. We chose an operating point near the MPP on each curve so that these points 
have a constant current difference, ∆J, from their corresponding Jsc. When the 
difference between the two illumination intensities is small enough, the operation 
conditions and current paths in the solar cell can be assumed to be very similar. 









       (4.3) 
This method is more accurate when more I-V curves at different illumination levels 
(near one-Sun) are compared. A linear regression line can then be drawn considering 
all measured I-V points, (J1, V1), (J2, V2)… (Jx, Vx), and Rs,light.MPP can be calculated from 
the slope of this line. 
 









FFs       (4.4) 
where VOC, JSC and FF are obtained from the one-Sun I-V curve and the pseudo fill 
factor pFF from the Jsc-Voc measurement. This equation is accurate if the following two 















      (4.6) 
Equations. 4.10 - 4.11 were satisfied for all the cells used in this work. 
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4.1.2 Rs,light.MPP determination by photoluminescence imaging 
Other than using I-V measurement, the series resistance of a solar cell can also be 
extracted using photoluminescence imaging [Kampwerth 2008]. In the PL-based series 
resistance imaging method, the local series resistance of the cell is evaluated from a set 
of biased photoluminescence measurements. Free carriers in the cell are generated by 
an infrared laser, while the cell is simultaneously biased by an external power supply. 
By combining the photoluminescence images at different bias levels, the series 
resistance image of the cell is generated. The global series resistance value of the whole 
solar cell can, in first order, be calculated from the arithmetic mean value of the series 
resistance of each pixel [Ramspeck 2007]. 
 
 
Fig. 4.2 Equivalent circuit diagram used in Kampwerth’s approach to extract RS at each 
node [Kampwerth 2008]. 
 
 
The computation of the series resistance imaging is explained and presented in detail 
by Kampwerth et al. [Kampwerth 2008], and is referred to as the Rs_PL method in the 
remainder of this thesis. In this method, the whole solar cell is described as a two-
dimensional network of numerous nodes. Each node, as shown in Fig. 4.2, consists of 
a photogeneration current source, Jph, a dark current density, Jdark,i, and a series 
resistance, Rs,i. Two luminescence signals are measured and analysed for the same node 
under different operating conditions (under different illumination intensities or/and 



























      (4.7) 
where ΔURs,i and ΔJRs,i are the differences in the voltage and current density across Rs,i 
between the two operating points, ΔUi and ΔUterm are the differences in the local voltage 
across the diode and between the terminals, and ΔJdark,i and ΔJph are the differences in 
the dark and in the photogenerated current density, respectively.  
 
The luminescence intensity of every point of the solar cell, Icamera,i, can be expressed as 












 exp,      (4.8) 
where Ci is the correlation constant of local diode voltage and luminescence intensity, 
Coffset is the junction voltage independent offset of the luminescence signal caused by 
radiative recombination of diffusion-limited carriers, Ui is the local diode voltage 
[Kampwerth 2008], e the electron charge, k the Boltzmann constant and T the absolute 
temperature. By selecting two operating conditions that result in the same luminescence 









,       (4.9) 
ΔUterm can be measured directly and ΔJph is approximated using the short-circuit current 
densities. The short-circuit current density is assumed to be constant across the cell. 
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4.2 Simulation of errors in Rs,light.MPP determined using I-V curves 
 
DIV-LIV, Jsc-Voc and double light level methods extract the Rs,light.MPP using 
combinations of I-V curves under different illumination conditions. In order to obtain 
accurate values for Rs,light.MPP using these three methods, it is very important to consider 
the underlying assumptions for the various extraction measurements. For example, the 
derivation of Eq. 4.1 assumes that the series resistance in the dark (Rs,dark) has a non-
significant impact on the DIV curve at MPP as the current density at this operation 
point is relatively low. However, it has been shown that this assumption is not 
necessarily true for a typical industrial silicon wafer solar cell, resulting in a 5% relative 
overestimation of Rs,light.MPP [Dicker 2003]. All three methods assume constant dark 
saturation current densities, J01 and J02, under different illuminations. However, if the 
J01 and J02 values are injection level dependent, it has been shown that the Jsc-Voc 
method strongly underestimates Rs,light.MPP [Aberle 1993a]. Similar underestimation of 
Rs,light.MPP is reported for PERC solar cells with injection-dependent lifetime eff 
[Altermatt 1996, Steingrube 2011b]. Injection-dependent eff, J01 and J02 can, e.g., be 
caused by the B-O complex [Bothe 2005] or an injection-dependent rear surface 
recombination velocity for PERL type solar cells [Aberle 1993a, Aberle 1993b, 
Steingrube 2010]. The key assumptions used in the three methods and possible errors 
due to violation of these assumptions are summarized in Table 4.1. 
 
In this section, errors caused by the violation of assumptions in Rs,light.MPP determination 
are investigated quantitatively using the two-diode model thereby especially focussing 
on the error caused by injection level dependent saturation current density [Chen 2014]. 
The implication of this analysis will be demonstrated experimentally in the next 
section, using multicrystalline Al-LBSF silicon solar cells with distinct injection-
dependent J01 and J02. 
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Table 4.1 Assumptions and possible resulting errors in the extracted Rs,light.MPP values using the 
DIV-LIV, Jsc-Voc and double light level methods. 
Assumptions Possible Errors Applicable 
methods 
Isc is equal to IL 
This error is not significant when 
Rs is smaller than 10 Ωcm2 
All 
Constant n and J0  
∆RJ01, ∆RJ02 : error due to non-
constant J01, J02 at different 
illuminations 
All 
Rs,dark has negligible 
impact on the DIV curve 
at the MPP 
∆RRs,dark: error due to the non-
negligible contribution of 
Jmpp*Rs,dark for the voltage 
difference at the MPP 
DIV & LIV 
Rsh has negligible impact 
on the I-V curve at the 
MPP 





Following Fig. 4.1 and Eqs. 4.2 - 4.4, Rs,light.MPP was calculated from the simulated I-V 
characteristics, using the three methods described above. For the double light level 
method, a light intensity of 1.0 and 0.9 Sun was used for the calculation. The parameters 
used for the solar cell simulations are summarized in Table. 4.2. Using the parameters, 
I-V curves (one-Sun LIV, Jsc-Voc and DIV) of the solar cell were numerically simulated. 
Rs,light.MPP was then calculated from the simulated I-V characteristics. 
  
TABLE 4.2.  Solar cell parameters used in the simulations.  
Jph 
[mA/cm2] 
Rs [cm2] Rsh [cm2] J01 [A/cm
2] J02 [A/cm2] 
37.0 0.5 104 10-6 - 10-15 10-6 - 10-11 
 
The error due to the non-negligible Rs,dark at the MPP, ∆RRs,dark, was calculated from Eq. 
4.10 by considering the contribution of Jmpp Rs,dark to the voltage difference between 











,       (4.10) 
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Other errors of Rs,light.MPP, ∆RRsh, ∆RJ01, and ∆RJ02, were determined by comparing the 
user-defined Rs value and the calculated Rs,light.MPP value using the following equations: 
If J01 and J02 are kept constant, 
darkRslightscalculatedsRsh RRRR ,,,      (4.11) 
If J02 is kept constant. Rsh is set as 10+100 Ωcm2, 
darkRslightscalculatedsJ RRRR ,,,01      (4.12) 
If J01 is kept constant. Rsh is set as 10+100 Ωcm2, 
darkRslightscalculatedsJ RRRR ,,,02      (4.13) 




∆RRs,dark is only present in the DIV-LIV method. This error is due to non-negligible 
impact of Rs,dark at MMP and always causes an overestimation of Rs,lightMPP. Similar to 
other studies [Dicker 2003], a relative error in the range of 5% to 10% is observed for 
a typical silicon wafer solar cell. However, this error becomes less significant if Rs,dark 




∆RRsh is observed in all three methods. Generally ∆RRsh causes an underestimation of 
Rs,light.MPP. The relative error is normally below 5% unless there is a severe shunt issue 
(Rsh < 500 Ωcm2). As ∆RRsh and ∆RRs,dark have opposite impact on the calculation of 
Rs,light.MPP, the overall error due to these two factors could be cancelled out partially for 
a badly shunted cell (Rsh < 500 Ωcm2) using the DIV-LIV method.  
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∆RJ01 and ∆RJ02: 
When the solar cell has an injection-dependent lifetime or saturation current density 
(J01 and J02), calculation of its Rs,light.MPP by any of the three methods will result in an 
erroneous value. The voltage difference between two I-V curves is not only influenced 
by Rs, but also due to the difference in J0. To simulate the inconsistency of J01 and J02 
under different illuminations, we assume that J01 and J02 increase linearly as a function 
of the light intensity from their value at 0 Sun to their value at one Sun. For illustration 












        (4.13) 
RatioJ0x indicates the ratio of J0 in the dark to J0 under one-Sun illumination. When J01 
and J02 decrease with increasing illumination intensity, e.g. RatioJ0x greater than 1, all 
three methods give an underestimation of Rs,light.MPP. The one-Sun LIV curve with lower 
J0 lies more to the right compared to the one-Sun LIV curve with higher J0. The voltage 
difference shown in Fig. 4.1, ∆VDIV_LIV, ∆VJsc_Voc and (V1 - V2), is then smaller than 
expected. Vice versa, when J01 and J02 increase with increasing illumination intensity, 
e.g. RatioJ0x smaller than 1, all three methods give an overestimation of Rs,light.MPP. If the 
RatioJ0x strongly deviates from unity, the underestimation or overestimation of 
Rs,light.MPP will be larger. 
 
The case with RatioJ0x greater than unity is studied in this thesis, as it is more frequently 
observed or reported [Dicker 2003, Bothe 2005, Aberle 1993b , Steingrube 2010]. Two 
scenarios are analysed in detail in the next sections. The first scenario is when either 
J01 or J02 is injection level independent, either RatioJ01 or RatioJ02 is unity. The second 
scenario is when both J01 or J02 are injection-dependent, both RatioJ01 and RatioJ02 are 
higher than unity. 
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When either RatioJ01 or RatioJ02 is unity: 
When either RatioJ01 or RatioJ02 is unity, the corresponding error ∆RJ01 or ∆RJ02 is zero. 
For example, we assume a reference solar cell with a RatioJ01 of 1.5, RatioJ02 of unity. 
By DIV-LIV method, the error caused by injection-dependent J02 and J01, ∆RJ02 and 
∆RJ01, is zero and negative correspondingly. As shown in Fig. 4.3, |∆RJ01|, increases 
when J01 increases from 10-12 mA/cm2 to 10-8 mA/cm2 at a fixed J02 (from solid line to 
dotted lines in Fig. 4.3). If J01 is constant, such as the solid-line with constant J01 of 10-
8 mA/cm2, |∆RJ01| increases when J02 decreases.  
 
The extent of this underestimation depends on the relative ratio of J01 to J02. At point 
A in Fig. 4.3  this ratio is small (J01 / J02 = 10-8), |∆RJ01| is insignificant or even 
approaching zero. At point B this ratio is larger (J01 / J02 = 102), |∆RJ01| becomes larger 
and eventually saturates. The similar trend is also observed for the simulation of ∆RJ01 
and ∆RJ02 when Rs,lightMPP is calculated using Jsc-Voc and double-light level method.  
 
A similar result and trend is observed when RatioJ01 is unity but RatioJ02 is fixed to 1.5. 
|∆RJ02| becomes more significant when the ratio of J01 to J02 is smaller. 
 
This simulation result suggests that, if only one dark saturation current density is 
injection dependent, the significance of the error in extracting Rs,light.MPP using these 
three methods depends largely on the relative domination of the recombination process 
in the device. For example, if the recombination featured by J02, such as the edge and 
SCR recombination, is injection dependent in a solar cell, but it is not contributing 
significantly to the overall recombination current in the whole device (relatively low 
J02), there will not be a noticeable error in the extraction of Rs,light.MPP by these three 
methods. On the other hand, if this solar cell has higher recombination in its SCR or 




Fig.4.3 Error in Rs,light.MPP calculation using DIV-LIV method when J01 is injection 
dependent with RatioJ01 of 1.5 and J02 is injection independent. 
  
 
When both RatioJ01 and RatioJ02 are higher than unity: 
To simulate the scenario with both injection-dependent J01 and J02, RatioJ01 and RatioJ02 
are both fixed to 1.5. Thus, we assume that the J01 and J02 values in the dark are 1.5 
times higher than the J01 and J02 values under one-Sun illumination. Figure 4.4 shows 
the Rs error (∆RJ01 + ∆RJ02) caused by the injection-dependent J01 and J02 using (a) the 
DIV-LIV, (b) the Jsc-Voc and (c) the double light level methods. As can be seen, a severe 
underestimation of Rs,light.MPP is observed in all three methods. This shows that injection-
dependent J01 and J02 values can lead to a very large error (more than 100%) in the 
extracted Rs,light.MPP value. 
  

















































Fig. 4.4 Rs,lightMPP error caused by injection-dependent J01 and J02 when (a) using the DIV-
LIV method. In the dark the J01 and J02 values are assumed to be 1.5 times higher than 
under one-Sun illumination. (b) using the Jsc-Voc method and (c) using the double-light 
level method. J01 and J02 were assumed to increase linearly as a function of the light 
intensity from their value at 0 Sun to their value at 1 Sun. 
 



































































































































































4.3 Accurate Extraction of Rs,light.MPP for Al-LBSF solar cells 
 
Multicrystalline silicon Al-LBSF solar cells were fabricated and their Rs,light.MPP was 
determined using the conventional methods [Pysch 2007]: DIV-LIV method, Jsc-Voc 
method, fill factor method, and Rs_PL method [Chen 2014]. The double-light level 
method was not available due to limitations of the I-V tester used. We observed a 
significant underestimation of Rs,light.MPP (due to the strongly injection level dependent 
saturation current densities J01 and J02) for the DIV-LIV and Jsc-Voc methods. We show 
that Rs,light.MPP can be extracted accurately with the Rs_PL method, as this method extracts 
Rs,light.MPP under operating conditions with a constant bulk injection level. From 
simulations and a detailed analysis, it seems that this result is not only valid for Al-
LBSF cells, but also for other types of solar cells. 
 
4.3.1 Experiment  
A batch of p-type 6 inch wide multicrystalline silicon Al-LBSF solar cells was 
fabricated according to the process flow shown in Fig. 3.1(c) in Chapter 3.1.1. Upon 
completion of the solar cells, the one-Sun and dark current-voltage characteristics were 
measured under standard testing conditions (Solsim 210, Aescusoft). The solar cells 
were also analysed with the Suns-Voc method (Sinton, Suns-Voc).  
 
From the measured data, Rs,light.MPP was determined using the DIV-LIV, Jsc-Voc, and FF 
methods. Rs,light.MPP was also extracted from a combination of electro- and 
photoluminescence imaging measurements (LIS-R1, BT Imaging) [Trupke 2007, 
Kampwerth 2008]. One cell from every group was selected for a detailed analysis of 
the measured I-V characteristics using the two-diode model. Finally, the effective 
minority carrier lifetime τeff of the solar cells was extracted from Suns-Voc measure-
ments (Suns-Voc, Sinton Instruments). 
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4.3.2 Solar cell results 
The measured one-Sun I-V parameters of the investigated multi-Si Al-LBSF solar cells 
are listed in Table 4.3. Two cells from each group were selected for investigation. Cells 
from Group C have higher VOC, FF and ŋ due to their better front surface passivation. 
The front SiNx of Group A and Group B cells deteriorated during the step of rear side 
polishing and KOH etching. The Rs,light.MPP of several representative cells from each 
group was determined using the DIV-LIV, Jsc-Voc, FF and RS_PL methods, see Fig. 4.5. 
In the RS_PL method, the global series resistance value of the whole solar cell is 
calculated from the arithmetic mean value of the series resistance of each pixel 
[Ramspeck 2007]. The Rs.light.MPP of the Al-BSF reference cells fabricated in the same 
batch was determined to be ~0.50 ± 0.01 cm2, using the DIV-LIV method. Compared 
to Al-BSF cells, there is an additional series resistance Rs for Al-LBSF cells with an 
identical front grid, emitter and bulk resistivity. This Rs is due to lateral transport of 
carriers in the bulk and an increased contact resistance [Plagwitz 2007, Fischer 2003]. 
Based on the Fischer-Plagwitz model [Plagwitz 2007, Fischer 2003], Rs of our LBSF 
cells is 0.15 cm2. The lower limit of Rs,light.MPP of our Al-LBSF cells is thus about 0.65 
cm2. As can be seen from Fig. 4.5, the Jsc-Voc method and, particularly, the DIV-LIV 
method produce a severe underestimation of Rs,light.MPP of Al-LBSF cells of groups A 





Fig. 4.5 Rs,light.MPP of selected Al-LBSF cells as determined by the DIV-LIV, Jsc-Voc, FF and 
RS_PL methods. The dashed line is the theoretical lower limit of the Al-LBSF cells expected 
from the Al-BSF reference cells and the Fischer-Plagwitz model. 
 
 
TABLE 4.3. Measured one-Sun parameters of the investigated Al-LBSF cells. Two cells from 
each group were selected. Cells from Group C have higher VOC, FF and ŋ due to their better 
front surface passivation 
Cell  
parameter 
Group A Group B Group C 
A1  A2 B1 B2 C1 C2 
Jsc [mA/cm2] 35.3 34.9 35.2 35.3 35.6 35.5 
Voc  [mV] 608 560 608 607 620 620 
FF [%] 74.1 69.1 72.3 73.2 76.2 77.2 
ŋ [%] 15.9 13.5 15.5 15.6 16.8 17.0 
 
4.3.3 Comparison of different methods for Rs determination 
The DIV-LIV, Jsc-Voc and double-light level methods are currently routinely used in 
both labs and the PV industry to extract the Rs,light.MPP of a solar cell. However, for 
practical solar cells the underlying assumptions of these methods are not always strictly 
satisfied, which will result in some errors. It has been shown in Section 4.2 that the 
DIV-LIV and Jsc-Voc methods both underestimate Rs,light.MPP when the solar cell has an 
injection level dependent saturation current density. 
  
To find Rs,light.MPP accurately for such solar cells, it is important to use a method that 
extracts the series resistance from operating conditions with identical injection levels, 
such as the Rs_PL method. An example of the series resistance images of Al-LBSF solar 
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cells obtained with the Rs_PL method is shown in Fig. 4.6.  
 
 
Fig. 4.6 An example of luminescence-based series resistance image of Al-LBSF cells 
 
 
For the Rs_PL method, the conversion of luminescence intensity into absolute voltages 
and assumptions about dark current densities are not required anymore [Trupke 2007]. 
The series resistance Rs,i of each node can thus be calculated accurately. 
 
4.3.4  Injection dependent dark saturation current densities 
To investigate the root cause of the underestimation of Rs,light.MPP in our Al-LBSF cells, 
one cell from every group was selected for a detailed study of their I-V characteristics. 
Their measured DIV and one-Sun LIV curves are plotted in Fig. 4.7. The experimental 
DIV, one-Sun LIV and Jsc-Voc of the three cells could all be fitted very well by the two-
diode model, as shown in Fig. 4.7. The fit parameters for the 3 solar cells shown in Fig. 
4.7 are listed in Table 4.4. As can be seen, the J01 and J02 of cell A2 are significantly 





   
Fig. 4.7 Dark and JSC-shifted one-Sun I-V characteristics of cells A2, B2 and C2. The solid lines 
show two-diode model fits. 
 
 
TABLE 4.4. Parameters used to fit DIV, LIV and JSC-VOC of the cells by two-diode model  
Cell  
parameter 
A2 B2 C2 
DIV LIV JSC-VOC DIV LIV JSC-VOC DIV LIV JSC-VOC 
J01 [A/cm
2] 7.510-12 5.410-12 1.610-12 1.410-12 1.110-12 1.110-12 8.810-13 8.910-13 1.510-12 
J02 [A/cm
2] 7.110-7 3.110-7 8.210-7 1.510-7 1.210-7 1.210-7 3.910-8 3.110-8 3.410-8 
Rs,light.MPP [cm
2] 0.82 1.2 0 0.67 0.62 0 0.40 0.82 0 
RSh [cm
2] 2.0104 2.2104 1.1105 3.5104 2.4104 1.7104 3.6104 1.2105 6.9104 
 
In Fig. 4.8 the effective lifetime τeff of the solar cells is plotted as a function of the light 
intensity, as derived from Suns-Voc measurements. The τeff of cell A2 is one order of 
magnitude higher at one Sun compared to the value at 0.1 Sun. In contrast, the τeff of 
cells B2 and, particularly, C2 is only weakly dependent on the illumination intensity. 
There appears to be a strong correlation between the injection level dependence of eff 
and the accuracy of the Rs,light.MPP values determined with the DIV-LIV method and the 
Jsc-Voc method. Next we will investigate this correlation in more detail. 
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Fig. 4.8 Effective lifetime of three Al-LBSF solar cells as a function of the light intensity 
(extracted from Suns-Voc measurements). IDL stands for injection-dependent lifetime. 
 
 
4.3.5 Two-diode Simulation 
Two-diode simulations of the solar cells’ I-V characteristics were carried out using the 
two-diode model described in Section 4.2. A severe underestimation of Rs,light.MPP was 
observed in both DIV-LIV and Jsc-Voc methods. This shows that injection-dependent 
J01 and J02 values can lead to a significant error (more than 100%) in the extracted 
Rs,light.MPP value. As can be seen, the J01 and J02 of cell A2 are significantly lower at one-
Sun illumination than in the dark. It is highly likely that this effect is the main cause of 
the observed underestimation of Rs,light.MPP of Group A cells when using the DIV-LIV 
and Jsc-Voc methods. The Al-LBSF cells from the three groups in the experiment were 
simulated using the parameters summarized in Table 4.5. Rs,light.MPP values were 
extracted from the generated I-V curves using the DIV-LIV and Jsc-Voc methods. Severe 
and moderate underestimation of Rs,light.MPP was observed for Group A and B cells, 
respectively, which agrees with the experimental observation. It should be noted that 
this analysis is not limited to Al-LBSF solar cells, but is generally valid for all types of 
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TABLE 4.5. Simulations parameters and extracted RS for the three types of solar cells. *: In 
the JSC-VOC simulation of the Group A and Group B solar cells J0 was assumed to increase 
linearly as a function of the light intensity from its starting value in the dark. 
























A 35.5 0.65 2104 10-12 10-7 1.510-12 1.510-7 
* 
0.16 0.14 
B 35.5 0.65 2104 10-12 10-7 1.210-12 1.210-7 0.47 0.43 




4.4  Summary of the Chapter 
 
In this chapter, different methods for determining Rs,light.MPP were compared and 
discussed. For practical solar cells it was shown that the underlying assumptions of 
these methods are not always strictly satisfied. Simulation results showed that violation 
of the assumptions could lead to possible errors. 
 
In this work, three groups of p-type 6 inch multicrystalline silicon Al-LBSF solar cells 
with homogenous emitter were fabricated. Their Rs,light.MPP values were determined 
using various methods. A severe underestimation of Rs,light.MPP was observed for Group 
A cells when the standard DIV-LIV method and the Jsc-Voc method were used. Clear 
evidence for an injection level dependent saturation current density of Group A cells 
was found. By means of two-diode simulations we showed that the injection-dependent 
J01 and J02 are the most likely cause for the underestimated Rs,light.MPP values. We 
proposed that, by using a combination of electro- and photoluminescence images, the 
correct Rs,light.MPP value can be extracted, as this method intrinsically assumes an 
identical injection level at the operating points for extraction of Rs,lightMPP. 
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Chapter 5  Optimization of local contact formation for p-type Al Local Back 
Surface Field (LBSF) silicon wafer solar cells 
 
5.1  Modelling of Al-LBSF solar cells 
 
5.1.1 Seff,rear and Rs,(Line or Point) simulation 
Seff,rear and Rs,(Line or Point) values of Al-LBSF solar cells with different opening geometries 
are first calculated using the Fischer-Plagwitz model. In the case of a line-contact 
pattern, the rear contact fraction f, can be calculated as: 
%100/  paf   (5.1) 
where a is the line width and p is the pitch of the rear contact. In the case of a point-









  (5.2) 
where r is the radius and p is the pitch of the rear contact. The expected Seff,rear can be 
calculated using Eq. 2.1. A diffusion coefficient of the minority charge carriers 
(electrons) of D = 29.8 cm2/s [Thurber 1980], a surface recombination velocity for the 
local Al-BSF of Scont = 600 cm/s [Müller 2011], and a surface recombination velocity 
for the dielectrically passivated area of Spass = 5 cm/s for AlOx/SiNx was used. In this 
calculation, Scont and Spass were assumed to be independent of the contact fraction. 
 
Equations 2.7 - 2.10 can be used to calculate Rs,Line of our Al-LBSF solar cells with line-
contact pattern at the rear. Assuming a specific resistivity of ρ = 2.0 cm and a 
thickness W = 180 μm of the silicon wafer, Eq. 2.7 is fulfilled for contact line widths 
of  202 μm and Eq. 2.9 is fulfilled for contact line widths of  202 μm. Rs,Point with 
different radius of the rear point openings can be calculated by Eq. 2.11. 
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Seff,rear and Rs,(Line or Point) are plotted as a function of contact fraction in Figs. 5.1 (a) and 
(b). The contact fraction is varied by changing the pitch size, while the line width or 
the radius of the opening is kept constant at 50, 100 or 250 µm. As expected for both 
line-contact [Fig. 5.1(a)] and point-contact [Fig. 5.1(b)] patterns, Seff,rear increases with 
increasing contact fraction, and Rs,(Line or Point) decreases with increasing contact fraction. 
It can be observed that, for Al-LBSF cells with the same contact fraction, Rs,Line is 
higher and Seff,rear is lower for cells with wider lines. A similar observation can also be 
seen in the case of point contacts, as shown in Fig. 5.1(b). A different contact geometry 
can result in different combinations of resistive and recombination losses. To 
understand the impact of these resistive and recombination losses at the device level, 
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Fig. 5.1 Calculated Seff,rear and Rs,(Line or Point) as a function of the contact fraction for (a) line-
contact or (b) point-contact pattern. The contact fraction was varied by changing the pitch 




5.1.2 Solar cell simulation 
A standard Al back surface field (Al-BSF) solar cell fabricated in SERIS was 
considered as the baseline cell for the analysis of our Al local back surface field 
(Al-LBSF) solar cell. The structure of the Al-BSF cell is shown in Fig. 2.3. Instead of 
a dielectric stack with local openings, an Al-BSF solar cell has no dielectric rear surface 
passivation but a full-area Al back surface field. The measured one-Sun parameters of 
one of our typical 2011 baseline Al-BSF solar cells is shown in Table 5.1. 
 













629 36.7 79.3 18.3 0.75 58 
 
We model the Al-BSF cell using PC1D with input parameters listed in Table 5.2. The 
model is first built up by inputting parameters from characterization results, such as the 
characterization of front ARC, RS determination, diffusion profile of front emitter, p+ 
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layer depth of rear BSF and so on. Then the model parameters are slightly modified to 
fit the I-V parameters of the solar cell. We try to estimate the potential gain in the 
efficiency by replacing the full-area rear contact (Al-BSF) with a dielectric stack of 
AlOx/SiNx with local contacts (Al-LBSF). We simulate the performance of Al-LBSF 
solar cells in PC1D using the parameters listed in Table 5.2 and the values for Seff,rear 
and RS,line shown in Fig. 5.1. 
  
Table 5.2 Parameters used in the simulation of Al-BSF and Al-LBSF solar cells 
Parameters Al-BSF Al-LBSF 
Optics Rear reflection [%] 70% 90% 
Recombination: Front SRV [cm/s] 6.7×104 6.7×104 
 Rear SRV [cm/s] 1×106 See Fig. 5.1 
 Emitter peak doping [cm-3] 2.4×1020 2.4×1020 
 Emitter junction depth 
[µm] 
0.25 0.25 
 BSF peak doping [cm-3] 3.0×1018  
 BSF junction depth [µm] 10  
Electrical: Series resistance [Ωcm2] 0.8 See Fig. 5.1 
 
The simulated Al-LBSF solar cell efficiency as a function of contact fraction for line-
contact and point-contact geometries is shown in Fig. 5.2. The efficiency of the baseline 
Al-BSF solar cell is also indicated for comparison purposes. In Fig. 5.2(a) it can be 
seen that a higher efficiency can be obtained for line-contact geometries with thinner 
lines at contact fractions in the range of 5 - 10 %. At lower contact fractions the solar 
cell efficiency is limited by a high series resistance. At higher contact fractions a high 
rear surface recombination is limiting the efficiency. Compared with the Al-BSF 
baseline cell, a maximum efficiency gain of 1.2% (absolute) can be achieved by 
changing to the Al-LBSF cell when the line-contact geometry is applied. A similar gain 
in efficiency is also observed in Fig. 5.2(b) for the Al-LBSF cells with a point-contact 
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geometry. However, when the contact fraction is too low (< 1%), the efficiency of the 
Al-LBSF cell is lower than that of the baseline Al-BSF cell, in both cases. 
 
Note that the aforementioned simulations of Al-LBSF cells were based on the SERIS 
baseline Al-BSF cell. As discussed in Chapter 2, the application of the Al-LBSF 
structure introduces additional resistive loss due to the lower rear contact fraction, but 
provides gains in rear surface passivation compared with the Al-BSF structure. Thus, 
the optimization of the rear opening geometry of the Al-LBSF cells is the balance of 
loss and gain based on the existing resistive and recombination characteristics of the 
Al-BSF solar cells. Any changes in these characteristics of the Al-BSF cell can have a 
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Fig. 5.2 Simulated efficiency of Al-BSF and Al-LBSF solar cells with rear (a) line contacts 
and (b) point contacts as a function of the contact fraction. The Seff,rear and Rs,(Line or Point) 
shown in Fig. 5.1 were used in these simulations. The dotted line indicates the efficiency of 
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5.2  Formation of voids  
 
In the Al-Si interaction, a thick Al p+ layer and an eutectic layer of Al with 12.6% Si 
content is theoretically expected, as described in Chapter 2.3. Ideally a complete 
contact is always formed to connect the Al pastes and the silicon. However, in the case 
of the rear contact for Al-LBSF cells, also voids with no or only a very thin Al p+ layer 
are observed. In this section the underlying mechanism for void formation is discussed 
in detail. 
 
5.2.1 Causes of void formation 
Firstly, voids are likely caused by the Kirkendall effect [Kirkendall 1942]. The 
solubility of Si in Al at temperatures above the eutectic point (577°C) is higher than 
that of Al in Si. A high number of voids may be generated during the Al-Si inter-
diffusion process, which will lead to the formation of the Kirkendall voids [Urrejola 
2011a].  
 
Secondly, in order for the Al-Si interaction to follow the Al-Si phase diagram, sufficient 
time is required so that the Al-Si reaction can reach thermal equilibrium conditions 
during both the ramp-up and cool-down stage. In the case of an Al-LBSF rear structure, 
only the Si directly below the laser opening is available to participate in the process. 
Both vertical transport of dissolved Si from the wafer into the Al paste above the laser 
opening as well as lateral transport of Si further into the Al paste besides the laser 
openings occur during the firing process and thus must be considered, as shown 
schematically in Fig. 2.14. At the co-firing process during Al-LBSF cell fabrication, 
typically ultrafast cool down rates are applied. Diffusion of Si in the Al paste is not fast 
enough to reach the interface between the Al and Si, and thus cannot participate in the 
Si recrystallization process. As a consequence of the missing Si atoms, voids are 
formed and the remainder of the Si solidifies inside the Al [Urrejola 2011b]. 
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Fig. 5.3 Cross-sectional SEM micrograph of the rear of Al-LBSF samples with (a) a 
complete contact (5kV 515X), (b) a partial contact (5kV 661X), (c) a complete void with 
no Al p+ layer (5kV 771X) and (d) a complete void with very thin Al p+ layer (5kV 866X). 
 
 
Voids at the local contact area can be directly observed in the cross-sectional SEM 
images of Al-LBSF test samples and solar cells after Al screen printing and co-firing. 
Four different types of local contacts can be observed in Fig. 5.3. A complete local 
contact with an Al p+ layer is shown in Fig 5.3(a). A partial local contact is seen in Fig 
5.3(b). Two types of complete voids were typically observed in our study. A complete 
void with no Al p+ layer was most common as shown in Fig. 5.3(c). In very rare 
occasions, a complete void with a thin Al p+ layer (~1-2 µm) was found as shown in 
Fig. 5.3(d). 
 
The void problem of samples with narrow line contacts can also be clearly observed in 
PL intensity images. For example, irregular dark lines in the direction of opening lines 
are seen in the PL image of the test sample or the solar cell, as shown in Fig. 5.4. From 





intensity image it was confirmed that these positions had a high density of voids 
without an Al p+ layer. Similar patterns of dark lines were observed by Urrejola in 
electroluminescence images of finished silicon wafer solar cells [Urrejola 2012]. The 
dark lines thus result from the poor rear surface passivation in these regions. 
 
 
Fig. 5.4 Example of a PL intensity image of an Al-LBSF solar cell with a significant 
number of voids at the rear contact. The direction of the line opening was perpendicular to 
the contact lines of the front metal grid. 
 
 
5.2.3 Impact of voids 
Voids can significantly increase the solar cell’s series resistance, as they reduce the 
area of the rear metal-semiconductor contact (which will be demonstrated in the 
following sections). In addition, the Al p+ profile in Si is typically affected by these 
voids, thereby reducing the surface passivation quality of the local contacts. The impact 
of the voids will be studied in detail in the following sections. Therefore, it is important 
to minimize the formation of voids for the Al-LBSF solar cells. Two aspects were 
investigated: the optimization of the rear contact pattern (Section 5.3) and the impact 






5.3 Impact of the rear local opening pattern 
 
In this section, screen-printed Al rear contacts for Al-LBSF test samples made with 
different laser opening patterns are investigated. The impact of the patterns used for the 
laser-ablated opening of the dielectric film is studied by PL imaging and SEM. The 
difference in the PL images of different laser patterns is explained and related to the 
details of the contact formation process, such as the Al p+ layer thickness and the 
amount of voids. 
 
5.3.1  Experimental details 
Test samples with screen-printed Al rear contacts were fabricated on 156 mm × 156 
mm p-type Cz mono-Si wafers with a bulk resistivity in the 1-3 Ωcm range. The 
experimental process flow was discussed in Chapter 3.1. During the laser ablation step, 
16 different patterns were laser-opened prior to screen printing of a ~20 m thick Al 
paste. After the firing step, characterization techniques like PL imaging, optical 
microscopy and scanning electron microscopy were applied to investigate the impact 
of the laser patterns on the formed contacts. 
  
PL imaging was applied in this experiment to characterize the rear contact formation. 
From Eq. 3.4, the τeff of our samples is predominantly affected by the Seff,rear if our 
samples have a high τbulk and comparatively good front surface passivation (due to the 
front surface passivation layer and the p-n junction). The measured PL intensity (IPL) 
scales linearly with eff, hence IPL can be used to assess the rear surface’s electronic 
quality [Chen 2012a]. To better understand the contact formation, the samples were 
further studied by means of cross-sectional SEM.  
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5.3.2  PL intensity study 
PL images of test samples with screen-printed Al rear contacts without front 
metallization were taken, to ensure that the observed differences in the PL intensity can 
exclusively be attributed to changes at the rear of the test sample. An example PL image 
of a test sample is shown in Fig. 5.5. Each test sample contains 16 boxes where the 
dielectric film was opened with different laser opening patterns. The boxes are labelled 
from 1 to 16, as shown in the Fig. 5.5. The measured PL intensities of different boxes 
are extracted and listed in Table 5.3. The absolute PL intensity of each box was 
normalized by the PL intensity of the unablated box (#1) of the same test sample, to 
avoid possible differences in IPL due to the wafer quality, bulk doping level or dielectric 
passivation quality. In this way, a fair comparison between samples with different firing 
temperatures can be made. The semicircles observed at the four sides of the test samples 
result from the screen printer used in this study and are an artefact that can be ignored 
for the subsequent analysis. 
 
 
Fig. 5.5. Example of PL intensity image of a test sample with peak firing temperature of 750 °C. 
The laser patterns used were: box 1: unablated; box 2: fully ablated; boxes 3-8: point contacts; 






Table 5.3 Relative PL intensity of every box in the test samples. The relative PL intensity was 
obtained by normalising the PL intensity in the various boxes by the PL intensity measured in 












Relative PL intensity, IPL% 
Peak temp 
of 750C 
Peak temp of 
800C 
1 Unablated 0% 100% 100% 
2 Fully ablated 100% 33% 43% 
3 Point 60 0.5 1.1% 44% 54% 
4 Point 60 0.8 0.44% 57% 63% 
5 Point 40 1.0 0.13% 80% 80% 
6 Point 60 1.0 0.28% 72% 80% 
7 Point 80 1.0 0.50% 70% 79% 
8 Point 100 1.0 0.79% 58% 67% 
9 Line 80 0.5 16% 70% 69% 
10 Line 80 1.5 5.3% 87% 90% 
11 Line 80 2.0 4.0% 89% 94% 
12 Line 80 2.5 3.2% 92% 97% 
13 Line 40 1.0 4.0% 85% 78% 
14 Line 80 1.0 8.0% 82% 82% 
15 Line 120 1.0 12.0% 83% 86% 
16 Line 160 1.0 16.0% 82% 87% 
 
5.3.3  Impact of the metal fraction 
The metal contact fraction f and the geometry of the laser openings (such as the pitch 
size p and the line width a for line contacts or the opening radius r for point contacts) 
all have an impact on the Seff,rear of the rear surface of Al-LBSF solar cells, as discussed 
in Chapter 5.1. Assuming a Seff,front of 30 cm/s and using Eqs. 3.1 - 3.4, the relative 
experimental and theoretical PL intensity can now be plotted as a function of the 
contact fraction. The results are shown in Fig. 5.6 for two different firing temperatures. 
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Fig. 5.6. Relative PL intensity as a function of the metal fraction for line (□) and point () 
shaped laser patterns with 1.0 mm pitch, for peak firing temperatures of 750 and 800 C. 
The theoretically calculated 1/(Seff.front+Seff,rear) curve is also plotted (line). 
 
 
The trend of the relative PL intensity of point contacted samples (circles in Fig. 5.6) 
shows good qualitative agreement with theory. For boxes with point contacts, the 
normalized PL intensity decreases when the contact fraction increases. However, the 
normalized PL intensity of boxes with line contacts does not show a clear trend for 
increasing contact fraction. This contradicts our theoretical prediction and the 
simulation in Chapter 5.1. The constant input parameters which we used for Eq. 2.6 are 
thus not valid in this case. More interestingly, despite the fact that the metal fraction of 
line contacts is much larger than that of point contacts, boxes with line contacts 
generally give a higher normalized PL intensity than boxes with point contacts, which 
indicates a better effective rear surface passivation of the boxes having line contacts. 
This is similar to the findings by Müller et al. [Müller 2011]. 
 
5.3.4  Impact of line width 
The boxes with line contacts in Fig. 5.6 have a fixed pitch of 1.0 mm. The decrease in 
metal fraction is a result of decreased line width. Despite a lower contact fraction, boxes 
with narrower lines do not show an increase in the relative PL intensity, as predicted 
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by our theoretical calculation. To find the reason for this behaviour, cross-sectional 
SEM was used to study the contact formation at the local openings of the rear dielectric 
film of the samples. A stain etching (a solution of HF, HNO3 and CH3COOH) was 
applied to the sample to improve the visibility of the p+ layer. 
 
Fig. 5.7. Measured thickness of the Al-doped p+ layer as a function of line width for Al-
LBSF solar cells fired at peak firing temperatures of 750 and 800 C. 
 
 
From the SEM images, the Al-doped p+ layer thickness was determined at the centre 
of non-voided contacts. The results are plotted in Fig. 5.7 as a function of the line width, 
for two peak firing temperatures. The 250 μm line width contact pattern was processed 
under identical experimental conditions. Theoretically, a higher average p+ layer 
thickness will provide a better contact passivation [Müller 2011] and thus a lower Scont. 
We found that line contacts with 80 and 160 μm width resulted in the thickest Al p+ 
layer, for both investigated peak firing temperatures (750 and 800 C). For wider lines 
such as 250 μm, the measured Al-doped p+ thickness was found to be comparable to 
that of the full-area contact structure. This suggests a significant influence of the 
contact geometry on the Al-LBSF formation and thus the contact passivation. As a 
consequence, the assumption of constant Scont in Eq. 2.6 to calculate Seff,rear no longer 
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holds. This partially explains the unexpected trend of the relative PL intensities of line-
contacted samples in Fig. 5.6. 
 
According to Eq. 2.26, the BSF depth dp+ is directly proportional to (a+2∆)/a, where a 
is the line width. Using optical microscopy, ∆ of our cells was determined to be 204 ± 
12 μm and 222 ± 8 μm, respectively, for peak firing profiles of 750 and 800 C. It was 
found to be independent of the contact width, which agrees with the results of Urrejola 
et al. [Urrejola 2011a].  
 
Since 2∆ is a constant at a certain firing condition, the dp+ will increase when a 
decreases. However, this does not agree with the experimental results of Fig. 5.7, where 
the thickest Al-doped p+ layer was observed for line contacts with an intermediate 
width of 80-160 μm, depending on the firing peak temperature. 
 
 
Fig. 5.8. Cross-sectional SEM micrograph of the rear of Al-LBSF test samples with a dielectric 
line opening width of 40, 120 and 250 µm after an industrial fast firing process at 750 °C peak 
temperature. It can be seen that (a) (40 µm: 5kV 1150X; 100 µm: 5kV 515X; 250 µm: 11kV 
287X) filled contacts as well  as (b) (40 µm: 5kV 844X; 100 µm: 5kV 591X; 250 µm: 11kV 251X) 
contacts with voids can be found for all line widths; however, the void fraction is clearly higher for 
the narrower lines.  
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Figure 5.8 shows cross-sectional SEM images of rear contacts with 40, 120 and 250 
µm line width, whereby the peak firing temperature was 750 °C. The light region 
appearing in Fig. 5.8(a) for a line width of 250 µm does not show the Al p+ layer but 
is the result of the sample breakage. From Fig. 5.8(a) it can be seen that line contact 
openings of 40 µm have contacts resembling a semi-elliptical trench filled by the 
eutectic layer. As the contact line width increases, the contacts form a rounded 
trapezoidal trench filled by the eutectic layer that tapers in the middle. This contact 
structure results in the maximum Al p+ layer thickness. Contacts with 250 µm line 
width appear like horizontally stretched versions of structures observed for the 120 µm 
line width, but with a very thin and planar eutectic layer in the middle. The different 
contact structures observed in this work for different line widths are consistent with 
results reported by other researchers [Urrejola 2010]. The size of the semi-elliptical 
trench observed in different contact openings increases with decreasing line width a, 
because the ratio of lSi/a at a fixed peak firing condition increases. More Si diffuses into 
Al per unit contact area for a narrower contact. In the ideal scenario, these Si atoms 
would be rejected by the Al during the cooling phase and thus form a thicker Al p+ 
layer compared with a wider contact according to Eq. 2.26. However, in the actual 
experiment the sample cooling happens too fast and thus a significant fraction of the 
potentially available Si atoms does not have enough time to travel back to the Si-Al 
interface to reach the equilibrium condition [Urrejola 2011a], which violates the 
fundamental assumption in the application of the Si-Al binary diagram and Eq.2.21. 
Thus, the experimental Al p+ layer is thinner than theoretically predicted, and this effect 
is more pronounced for narrower openings with higher ratio of lSi/a. In the worst case, 
voids are observed under the contacts as shown in Fig. 5.8(b). In the SEM micrographs 
of our test samples, it was found that the void formation becomes more severe when 
the line width is narrower, i.e. the voids were more frequently observed by SEM and 
became deeper and covered a higher fraction of the contact area. Almost no Al p+ layer 
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was found underneath the larger voids. Thus, due to the voids, the passivation quality 
of the contacts becomes spatially non-uniform, and contacts with higher void fraction 
will have higher effective Scont. This phenomenon also contributes to the unexpected 
experimental PL intensity trends observed in Section 5.3.2 for samples with line 
contacts.  
 
Many irregular dark lines are observed in the PL image of the sample with 40 m line 
width (Box 13 in Fig. 5.5). SEM investigations confirmed that at the positions of these 
dark lines there were many fully voided contacts with a very thin Al p+ layer. The dark 
lines are thus due to the poor passivation quality in these regions. These dark lines 
almost completely disappeared when the line width of the laser openings was increased 
to 120 µm (Box 15 in Fig. 5.5) and 250 µm.   
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5.4  Impact of Al thickness 
 
In this section, the impact of the thickness of the Al layer on the Al-Si formation is 
investigated [Chen 2012b]. A reduction of the thickness of the Al layer is proposed to 
minimise the void formation. Thermal evaporation, sputtering and screen printing of 
Al were used for the rear metallisation of Al-LBSF solar cells. The thickness of the Al 
film was varied and the impact on the void and Al p+ layer formation was studied by 
photoluminescence imaging and scanning electron microscopy. Finally, Al-LBSF solar 
cells were fabricated using various thicknesses of the rear Al metal contact. 
 
5.4.1  Experiment details 
Following the experimental flow shown in Fig. 3.1, test structures with different 
thicknesses of Al were fabricated on 156 mm × 156 mm p-type Cz mono-Si wafers 
with a bulk resistivity of 1-3 Ωcm. At the rear of the test samples 16 different patterns 
were laser-processed prior to thermal evaporation of 1-2 µm Al, sputtering of 3 µm or 
screen printing of 20 to 70 µm Al.  
 
5.4.2  Test structure 
Figure 5.9 shows the PL intensity images of test samples fabricated with various Al 
deposition methods and Al thicknesses. No front metallization was applied on the test 
samples to ensure that the observed differences in the PL intensity can be exclusively 
attributed to changes at the rear surface of the test sample. Every test sample had 16 











Fig. 5.9: PL intensity images of the test samples with (a) 0.6 µm evaporated Al, (b) 1.8 µm 
evaporated Al, (c) 3 µm sputtered Al, (d) 25 µm screen-printed Al (e) 50 µm screen-printed Al and 
(f) 70 µm screen-printed Al. For all samples, the following laser patterns were used: Box 1: 
unablated; Box 2: fully ablated; Boxes 3-8: point contacts with varying metal fraction; Boxes 9-16: 




In general, IPL of boxes with point contact geometry was higher for the samples with 
thinner Al (1 to 3 µm) at the rear compared to the sample with thicker Al (25, 50 and 
70 µm). However, boxes with line contact geometry show a higher IPL while the 





passivation for the boxes of line contact geometry with too thin (below 3 µm) or too 
thick (above 50 µm) Al. However, irregular dark lines with relatively low IPL were 
observed for areas with very narrow ablated line contacts, such as Box13 in Figs. 5.9 
(d) and (e) with laser ablation line width of 40 µm. The dark lines appear more 
frequently for samples with thicker Al film. 
 
 
Fig. 5.10: PL intensity of different laser opening geometries (Box 2, Box 5 and Box 16 in 




The normalised PL intensity (calculated in the same way as mentioned in Section 5.3.2) 
of different laser opening geometries (Box 2, Box 5 and Box 16) for samples with 
different rear Al thickness is plotted in Fig. 5.10. The normalised IPL of the fully ablated 
box on the test sample with thin Al is much lower than that of the fully ablated box on 
the test sample with thicker Al. As the entire passivating dielectric at the rear was 
ablated, the rear surface passivation is only provided by the BSF formed by the Al. This 
could suggest that the Al-BSF formed by our thin Al is not as good as the Al-BSF 
formed by thicker Al films. An optimum thickness is observed for boxes with both line 
and point contact geometries for a highest normalised PL intensity. This optimum Al 
thickness is thinner (~3 µm) for boxes with point contact than those with line contact 
(~25 µm). 
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Fig. 5.11: Cross-sectional SEM micrographs of laser openings (line) at the rear of the test 
structures after an industrial firing. At the rear of the samples with a 25 µm Al rear layer 
occasionally (a) (5kV 771X) voids can be observed, while other areas (b) (5kV 515X) display a 
good contact with a 3-5 µm thick p+ layer. (c) (5kV 1000X) For the samples with a 1.8 µm Al 
rear no voids were detected but the p+ layer was found to be very thin (~0.2 µm). 
 
 
Figure 5.11 shows cross-sectional SEM micrographs of laser openings (line) at the rear 
of the test structures with a 1.8 µm and 25 µm Al film. The Al p+ layer was found to 
be around 3-5 µm for the sample with 25 µm Al rear layer, compared to only 0.2 µm 
for the sample with the 1.8 µm Al rear layer. However, voids were frequently observed 
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for test sample with 25 µm Al rear layer at the position of the dark lines in the PL 
intensity images, especially for areas with relatively narrow line openings. No voids 
were observed for the test sample with a 1.8 µm Al rear layer. 
 
The formation of Al p+ layer and voids are both closely related by the thickness of the 
Al film deposited onto the rear of the cells. From Eq. 2.26, while the firing condition 
is kept the same, the BSF depth dp+ decreases when the thickness of the deposited Al 
layer is significantly reduced. This explains the reduction of the Al p+ layer in Fig. 5.11 
when the Al thickness is reduced from 25 µm to 1.8 µm. Thus the passivation provided 
by the Al p+ is also reduced [Müller 2011]. At the same time, an increasing tAl will also 
lead to an increase of the lateral diffusion of Si in the Al layer, and consequently 
increase the formation of voids. 
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5.5  Solar cell results 
 
5.5.1  Impact of rear opening pattern 
Al-LBSF solar cells with screen-printed Al rear and different laser patterns and post-
laser processing were fabricated on 156 mm ×156 mm p-type Cz silicon wafers. In 
Chapter 5.3.4 it was found that the relative PL intensity was lower for point contacts 
than for line contacts, despite the fact that the metal fraction of line contacts is much 
larger than that of point contacts. Furthermore, point contacts at lower metal fractions 
lead to a higher solar cell series resistance compared to line contacts at higher metal 
fractions. Therefore, only cells with line contacts were fabricated. The chosen line 
widths were 60, 100 and 250 µm. The chosen pitches were 1.0 and 2.0 mm. The chosen 
peak firing temperatures were 750 and 800 ºC. Five cells were fabricated for each 
parameter set. The measured one-Sun I-V parameters of the final solar cell devices are 






Fig. 5.12 (a) – (d) Parameters of line-contacted Al-LBSF solar cells fabricated according to 
the process flow in Fig. 3.1. The cells with 5% metal fraction were fabricated with 2.0 mm 
pitch. Other cells were fabricated with 1.0 mm pitch. Five cells were fabricated for each 
parameter set. 
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In previous sections, it was observed (via SEM) that the rear dielectric openings of the 
test samples with an intermediate line width of 80-160 µm result in the maximum Al 
p+ layer thickness and also the highest relative PL intensity. This is in agreement with 
Fig. 5.12 (a) and (d), where the highest Voc and efficiency are observed for the solar 
cells with line width of 100 µm.  
 
The RS,LightMPP and Rsh values of three Al-LBSF cells made with different line patterns 
were determined from a combination of light and dark I-V measurements according to 
the method published by Aberle et al. [Aberle 2011]. The results are listed in Table 5.4. 
For comparison, the parameters of a conventional p-type solar cell with full-area Al-
BSF are also listed. 
 
Table 5.4 Measured one-Sun parameters of three Al-LBSF cells and an Al-BSF cell. The 
calculated Rs,Line due to the lateral current flow at the rear surface is also listed 
 
Compared with the Al-BSF cell, all three Al-LBSF cells have improved Voc and Jsc. 
Thus, we achieved a 0.7% absolute increase in efficiency using a 10% metal fraction 
with 1 mm pitch and 100 µm line width. However, a drop in FF was observed for 
Al-LBSF cells. For Al-LBSF cells I and II, the FF drop is so large that their efficiencies 
are lower than that of the Al-BSF cell. The Rsh of these cells is large and has a negligible 
effect on the solar cell efficiency at maximum power point conditions. But the Rs,lightMPP 
of these cells was very high and thus the main cause of their low FF. We calculated the 
additional series resistance contribution of Al-LBSF cells due to lateral current flow at 
the rear surface [Plagwitz 2007] and the results are included in Table 5.4. This 
Cell  
type 


























Al-LBSF I Lines 5 100 2.0 638 38.8 72.9 18.0 1.88 56 0.29 
Al-LBSF II Lines 6 60 1.0 638 38.9 69.2 17.1 2.48 35 0.18 
Al-LBSF III Lines 10 100 1.0 633 38.9 77.5 19.0 0.95 46 0.15 
Al-BSF Full area 100 N.A. N.A. 629 36.7 79.3 18.3 0.74 58 N.A. 
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additional resistance, however, cannot fully explain the strong increase of series 
resistance of the LBSF cells I, II and III of 1.14, 1.74 and 0.21 Ωcm2, respectively. 
Another contribution to series resistance is the contact resistance at the rear, which 
increases as the metal fraction decreases from 100% for the Al-BSF cell down to 5% 
for the Al-LBSF solar cells [Dullweber 2011]. A significant number of voids were 
observed in our samples, as shown in Chapter 5.3.3. The voids have effectively reduced 
the actual contact area, so carriers have to travel an additional distance laterally at the 
rear surface, increasing the actual Rs,Line. The decrease in the effective metal fraction 
also causes the rear contact resistance to increase further. The increase of series 
resistance depends on the extent of the void formation and their distribution. Despite 
having a similar metal fraction, Al-LBSF cell I has much smaller increase in the series 
resistance compared with cell II. This is because cell I has a wider line width and fewer 
voids. A large number of voids was formed when the metal fraction decreased from 10 
to 5 %. These voids adversely affect the rear surface passivation of the cell. Thus, we 
only observed a very small improvement in the Voc.  
 
Many more dark lines, which indicate that voids exist at the rear contacts, were 
observed in PL images of Al-LBSF cells with 60 µm wide lines than for cells with 100 
µm wide lines. 
 
Due to the issue of void formation, we have observed a lower maximum gain of 
efficiency in the experimental result (0.7%) than the maximum gain of efficiency in the 
simulation (1.2%, see Fig. 5.2(a)). A higher Seff,rear and Rs,Line should be expected in the 
real device, because the cell area under the voids are neither passivated nor providing 
any electrical contact. In contradiction to the simulation results, Al-LBSF cells with an 
opening width of 100 µm have the best efficiency. As discussed previously, this can be 
explained by the more severe void problem of solar cells with narrower line widths. 
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5.5.2  Impact of the Al thickness 
Al-LBSF solar cells with different Al thicknesses were fabricated on 156 mm × 156 
mm p-type Cz mono-Si wafers with a bulk resistivity of 1-3 Ωcm. Table 5.5 
summarises the performance of the Al-LBSF cells fabricated in this work using either 
a 1.8 µm or a 25 µm thick Al layer and a laser ablated line openings of 60 µm width 
and a pitch of 1.0 mm [Chen 2012b]. The solar cell with the 25 µm Al rear layer showed 
a much lower FF but higher Voc compared to the solar cells with the 1.8 µm Al rear 
layer. The lower FF is largely due to a much higher series resistance, which is most 
likely caused by the large number of voids. The difference of more than 20 mV in Voc 
was expected from the PL images and cross-sectional SEM images, and is most likely 
related to the much thicker Al p+ layer formed for the samples with 25 µm Al rear. I-V 
characteristics of the best Al-LBSF cell with optimised processing parameters are also 
listed in Table 5.5. 
 























1.8 µm Al 
by thermal 
evaporation 
Line 6% 613 37.2 77.6 17.7 0.91 2.1 
25 µm Al 
by screen 
printing 
Line 6% 638 38.9 69.2 17.1 2.48 35.0 
25 µm Al 
by screen 
printing 
Line 10% 633 38.9 77.4 19.0 0.95 27 
 
5.5.3  Solar cell results from other labs or companies 
The results of large-area p-type solar cells with the similar structure from other labs or 
companies are summarised in Table 5.6. In the first three rows, the highest efficiencies 
(~21.3%) to date using large-area Cz substrate with the similar structure is shown. 
Compared with our cell structure and processing flow developed in 2011 as shown in 
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Fig. 3.1, many additional features were employed to further improve the efficiency of 
this structure, such as plated front contacts [Metz 2014] [Graf 2014], 5 busbars with 
dual print [Hannebauer 2014], Al foil as the rear contacts [Graf 2014] and so on.  
In the last two rows, it shows that the cell result obtained in this thesis were comparable 
with the highest efficiency obtained globally during the similar period of time (~2011) 
for large-area screen-printed Al-LBSF structure [Gatz 2011]. A much lower Voc and a 
much higher FF were observed for our cells. Line width of 80 µm and pitch of 2.0 mm 
were used as the rear contact pattern in ISFH Al-LBSF solar cells [Gatz 2011]. The 
difference in the contact fraction (ISFH: 4%. SERIS: 10%) could partially explained 
the difference in the FF and Voc. 
 
TABLE 5.6. Comparison of results of large-area p-type solar cells from other labs or 
companies using the similar structure [Hermle 2014]. *: the FF, Jsc and Voc of the cell from 
ISE was not reported. 









Schott 2014 665 39.9 80.5 21.3 [Metz 2014] 
ISE 2014 * * * 21.3 [Graf 2014] 
ISFH 2014 661 39.8 80.7 21.2 [Hannebauer 2014] 
       
ISFH 2011 664 38.5 75.8 19.4 [Gatz 2011] 
SERIS 2011 633 38.9 77.4 19.0  
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5.6 Other approaches 
 
Besides optimization of contact geometry and Al thickness, other approaches to 
minimize the formation of voids have been investigated elsewhere. It has been proven 
that incorporating Si in the Al paste could also significantly reduce the amount of voids 
[Rauer 2011]. This approach was considered and discussed with paste supplier in 
SERIS. However, it was not tested as this Si-doped paste was not optimized by the 
paste supplier at that time due to the increase in the resistivity of the Al paste. Another 
approach to mitigate this issue is to fire the cell with rear side up [Urrejola 2011c]. 
Normally the solar cell is fired with front side up to avoid possible shunting issue. 
When the cell is placed rear side up in the firing furnace, the Al paste is on top. The 
gravity field oriented opposite to the direction of Si-Al diffusion during firing. The 




5.7  Summary of the Chapter 
 
In this chapter, the performance of Al-LBSF solar cells was simulated using PC1D. 
The efficiency of the device is modelled as the metal fraction changes. It is found that 
a maximum 1.1% (absolute) improvement in efficiency can be gained compared with 
our baseline Al-BSF cells when a line-contact pattern with a contact fraction of 5 - 10 
% is used.  
 
Next, we presented the void formation as a significant challenge in the Al-Si local 
contact optimization for Al-LBSF silicon wafer solar cells. Ultra-fast cooling is the 
main reason for the void formation. Diffusion of Si within the Al paste is not fast 
enough to reach the interface between the Al and the Si wafer, and thus cannot parti-
cipate in the Si recrystallisation process. 
 
We observed a significant impact of the contact geometries on the effective rear surface 
passivation. Line-shaped contacts with a metal fraction in the 5 - 25 % range gave a 
better effective rear surface passivation than point-shaped contacts, similar to the 
findings in Ref. [Müller 2011]. For line-shaped contacts, the line width was found to 
have a significant influence on the transport of the Si atoms in the Al during the heating 
and cooling phase of the fast firing process.  
 
We fabricated 6-inch wide monocrystalline Al-LBSF Si solar cells with homogenous 
emitter, and optimised the rear contact of the cells with different geometries. An 
efficiency of 19.0% was reached using a 10% metal fraction with 1.0 mm pitch and 
100 µm line width. Compared with Al-BSF baseline cells, we achieved a 0.7% 
(absolute) increase in cell efficiency. However, high series resistance was found for all 
our LBSF cells, especially for those with narrower line widths. The large number of 
voids found in the contact regions was identified as a major cause of the high Rs. 
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The impact of the Al thickness on the contact formation was investigated. An optimum 
thickness was observed for boxes with both line and point contact geometries. This 
optimum Al thickness is thinner for boxes with point contact than for those with line 
contact. This also showed that a reduction of the Al layer thickness can reduce the void 
formation problem, however, this decreases the thickness of the Al p+ layer. 
  
In the process of investigation and optimisation, for the first time the PL imaging 
method was applied as a fast approach to assess the effective rear surface passivation 
quality and the severity of the void formation problem. The conclusions drawn from 
the PL studies were subsequently confirmed by SEM studies. 
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Chapter 6  Optimization of laser ablation for n-type rear-junction Passivated 
Emitter Rear Totally diffused (PERT) silicon wafer solar cells 
 
6.1 Optimization of laser ablation  
 
In this section, locally laser ablated n-PERT test samples made with different laser 
processing parameters are investigated [Chen 2015]. The local emitter saturation 
current density at the laser ablated region, J0e,laser, is extracted using two different 
methods.  
 
6.1.1  Experimental details 
n-PERT test samples were fabricated according to the process flow of Fig. 3.2(a) on 
IMEC’s pilot line for Si wafer solar cells. On the rear surface of the test samples 9 
boxes (4 x 4 cm2) with different contact fractions were opened by picosecond (ps) laser 
ablation (Aethon Laser Platform, Coherent) after a forming gas anneal (FGA). The 
laser fluence F was optimized to minimize laser-induced damage. Parallel to the laser-
ablated samples, reference samples were fabricated for comparison. In case of the 
reference sample, 9 boxes were locally opened by lithography. The 9 boxes were 
labelled from 1 to 9, as illustrated in Fig. 6.1(a). The contact fraction was varied from 
0 to 15 %. A point contact pattern was applied on every box of every test sample, as 
shown in Fig. 6.1(b). Photoluminescence (PL) imaging (LIS-R1, BT Imaging) was 
applied in this work to characterize the test structures. The effective lifetime τeff of every 





Fig. 6.1. (a) Schematic illustration of the test structure with 9 boxes. (b) Point-contact 
pattern in every box. 
 
6.1.2  Experimental result and discussion  
 
6.1.2.1  Extraction of emitter saturation current density of the laser ablated 
region, J0e,laser 
The local emitter saturation current density of the laser ablated region, J0e,laser, is a 
useful parameter to measure the extent of the laser damage to the emitter beneath the 
ablated dielectric. In Ref. [Engelhart 2007], J0e,laser was extracted for samples of 
symmetrical structure. In our work, the dielectric was only ablated from one side of the 
sample. The structure of the test sample used in this work is shown in Fig. 3.2(b). J0e,laser 
of samples with this structure can be extracted from lifetime measurements. The 
effective lifetime τeff of every box on the test structure was measured. For the test 
sample shown in Fig. 3.2(a), τeff can be described as (see Chapter 3): 






























            (6.1) 
where ∆pAve is the average carrier concentration across the wafer thickness W, ∆pF,SCR 
and ∆pR,SCR are the minority carrier concentrations at the bulk side of the front and rear 
space charge region (SCR), respectively, τbulk is the average bulk lifetime, J0e,F and J0e,R 
are the emitter saturation current densities at front and rear, respectively, q is the 








Assuming a constant minority carrier concentration in the base, τeff can be used to 
investigate the impact of laser ablation on the emitter saturation current density J0e,laser 
at the ablated region: 




















.  (6.2) 
As the point contact patterns, as shown in Fig. 6.1(b), were applied on every test 







 .      (6.3) 
where r is the radius of the point contact, and p is the pitch. The contact fraction has an 
impact on the total recombination current of the emitter at the rear side of the sample. 
For every box, following the approach of Ref. [Cuevas 1999], J0e,R at the rear side can 
simply be written as: 
passelasereRe JfJfJ ,0,0,0 )1(  . (6.4) 
where J0e,laser is the emitter recombination current at the laser ablated area and J0e,pass is 
the emitter recombination current at the dielectrically passivated area of the emitter.  
 
J0e,laser was then calculated by the following two approaches. 
 
Approach A: 
In Approach A, J0e,laser is extracted similarly to Ref. [Engelhart 2007]. The total emitter 
saturation current density (J0e,R + J0e,F) is first calculated [Kane 1985] at high injection 
level, 1×1016 cm-3. From Eq. 6.4, 
passepasselasereFeRe JJJfJJ ,0,0,0,0,0 2)(  . (6.5) 
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By plotting (J0e,R + J0e,F) against f, J0e,pass can be extracted from the half of the y-axis 
intercept of the curve, and (J0e,laser - J0e,pass) from the slope of the curve. As the condition 
of high injection could not be reached for laser-ablated boxes with high contact fraction 
and ablated at high laser fluence, only boxes with contact fraction from 0 to 2 % were 
used to extract J0e,laser using Approach A. J0e,laser is plotted as a function of the laser 
fluence in Fig. 6.2. When the fluence is higher than 2.5 J/cm2, J0e,laser could no longer 
be extracted using Approach A. Reliable linear fits to the plot of (J0e,R + J0e,F) against f 
could not be obtained for samples ablated at higher laser fluence. For the reference 
sample, the emitter saturation current density, J0e,litho, at the locally lithographically 
opened region, was also extracted and indicated in the figure (dashed line). From this 
approach, J0e,laser is observed to generally decrease when F increases from 0.8 to 2.5 
J/cm2. This counterintuitive observation could be explained by two reasons. First, when 
the laser fluence increases, the area of the heat affected zone increases more slowly 
than the area of the opened contact area does. Since the recombination current in the 
contact areas is converted to a contact recombination current density by normalization 
to the opened area, this results in a decreasing contact saturation current density with 
increasing fluence. Second, J0e,laser is underestimated to a greater extent at higher laser 
fluence. More details on the underestimation will be discussed in the next paragraphs. 
 
Fig. 6.2. Local emitter saturation current density in laser ablated regions, J0e,laser, as a 
function of the laser fluence. The emitter saturation current density at the locally 
lithographically opened region, J0e,litho, is also extracted for the reference sample and 











































indicated by the dashed line in the figure. The emitter saturation current densities were 




In Approach B, J0e,laser is extracted similarly to Ref. [Deckers 2013]. Combining Eqs. 
6.2 and 6.4 gives: 





















.  (6.6) 
By plotting 1/τeff against f at any arbitrary injection level, (J0e,laser - J0e,pass) can be 
extracted from the slope of the curve in Approach B. Similar to Approach A, only boxes 
with contact fraction from 0% to 2% were used to extract J0e,laser. J0e,laser is plotted as 
the function of injection level in Fig. 6.3. At the injection level of 1×1016 cm-3, J0e,laser 
extracted by Approach B is higher than J0e,laser extracted by Approach A at any laser 
fluence. This disagreement can be explained from the derivations of the two 
approaches. The assumption of constant minority carrier concentration across the wafer 
thickness was applied to derive Eq. 6.2 from Eq. 6.1. When this assumption is violated, 
both approaches can lead to an underestimation of the emitter saturation current density 
[Kane 1985, Deckers 2014]. According to the simulation in Ref. [Deckers 2014], the 
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Fig. 6.3. J0e,laser as a function of the injection level using Approach B. J0e,litho of the 
reference sample is also indicted in the figure. 
 
 
6.1.2.2  Injection dependent J0e,laser 
Using Approach B, J0e,laser can be extracted as a function of injection level. It enables 
the measurement of the contact passivation quality under different illumination 
conditions, which is another advantage of this approach. Therefore, the results from 
Approach B will be used in the optimization of the laser ablation in the remainder of 
this chapter. 
 
As shown in Fig. 6.3 J0e,laser is injection level dependent. J0e,laser increases with 
decreasing injection level. This dependence is more severe for larger F. This injection 
dependence can be explained by the possible damage to the space charge region during 
the laser ablation process, in which the induced laser damage can extend to a 
micrometer or more [Thorstensen 2013]. The damage in the space charge region will 
lead to a high saturation current J02 of the second diode [McIntosh 2001]. High J02 in 
the space charge region will cause the emitter saturation current extracted in our 
approach to be injection-level dependent, because the wrong explicit injection-level 
dependence of the recombination current is assumed in Eq. 6.6. More specifically, J0e 
as extracted using Eq. 6.6 is found to decrease with increasing injection level due to 
the J02 recombination current component. The impact of J02 on the extraction of J0e is 
discussed in detail in Appendix A. At higher laser fluences, a higher laser-induced 
damage in the space charge region is expected, which leads to a higher J02 recom-
bination current density. Hence, J0e,laser of the boxes increases with decreasing injection 
level much faster when they are ablated at higher fluences, as shown in Fig. 6.3. 
 
As J0e,laser was found to be injection-level dependent, it is crucial to extract J0e,laser as a 
function of the injection level. By using PC1D simulations [Basore 1988], 3×1015 cm-3 
was identified as the injection level of our n-PERT cells at their maximum power point. 
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J0e,laser is lowest when F is in the range of 1 to 1.5 J/cm2 at this injection level. Using 
the optimized fluence for the ablation, we obtain a low J0e,laser of ~ 2000 fA/cm2, which 
is only about 2.5 times higher than J0e,litho. If the ablation process is optimized according 
to the result obtained by Approach A, where J0e,laser is extracted at one single high 
injection level, potentially a non-optimal laser fluence would have been selected. 
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6.2  Solar cell results 
 
6.2.1  Impact of laser fluence 
n-PERT solar cells were fabricated on 156 mm ×156 mm Cz silicon wafers using 
different laser fluences to open the rear dielectric. The process flow for the solar cell 
fabrication is shown in Chapter 3, Fig. 3.2(a). Upon completion of the solar cells, the 
one-Sun current-voltage characteristics were measured under standard testing 
conditions (WXS-200S-20 Wacom Electric Co. class AAA tester with an AM1.5G 
spectrum conforming to IEC60904-9). The solar cells were also analysed with the 
Suns-Voc method (Sinton, Suns-Voc). The measured one-Sun parameters of two 
completed solar cell devices are summarised in Table 6.1.  
 
In Section 6.1 it was found that J0e,laser is lowest when F is in the range of 1 to 1.5 J/cm2. 
Therefore, our n-PERT cells were ablated using a laser fluence of 1.1 J/cm2. The 
champion solar cell (Cell 1 in Table 6.1) reached an efficiency of 21.0%. More details 
about these cell results will be available from a forthcoming publication [Aleman 
2014]. We also fabricated a few solar cells with higher laser fluences, such as Cell 2 
(see Table 6.1) whereby the rear dielectric was opened using a laser fluence of 4.6 
J/cm2. A very high J02 of 5.4×109 A/cm2 was observed for Cell 2, which leads to a lower 
pFF and Voc compared to Cell 1. This is in good agreement with our analysis in Section 
6.1, where a very high J0e,laser and a more severe injection dependent J0e,laser were 
observed for samples ablated at higher fluence due to high J02. 
 
TABLE 6.1. Measured one-sun parameters of the investigated n-PERT cells fabricated 
according to the process flow in Chapter 3 Fig. 3.2(a). One cell from each group was selected. 
Cell ID 
Laser parameter One-sun cell parameters JSC-VOC parameters 
F [J/cm2] VOC [mV] JSC [mA/cm
2] FF [%] ŋ [%] pFF [%] J01 [A/cm
2] J02 [A/cm
2] 
1 1.1 665 38.9 81.2 21.0 83.3 2.1×10-13 5.4×10-9 




6.2.2  Solar cell results from other labs or companies 
With further optimization of the rear passivation stack, the performance of the n-PERT 
solar cells was later improved in IMEC. A champion efficiency of 21.5% was reached 
[IMEC 2014] (independently confirmed at ISE CalLab), which is highest in the world 
for large-area n-type silicon wafer solar cells with the PERX (PERC, PERT or PERL) 
structure and on a Cz substrate. The laser parameters optimized in this chapter were 
also applied in the fabrication of all the champion cells. In TABLE 6.2, the results of 
mono-facial large-area n-type solar cells from different labs and companies using 
PERX structure are compared [Hermle 2014]. A much higher FF is observed for the n-
PERT solar cell from IMEC compared with the cells from other labs or companies. 
This exceptionally high FF of our cells could be partially attributed to the fact that the 
cells ablated with optimized laser parameters have very low J02 recombination and very 
high pFF, as shown in Section 6.2.1. Cells with a higher efficiency of 21.9% were 
reported by Fraunhofer ISE, but higher-quality float-zone (FZ) substrates were used in 
that case. 
TABLE 6.2. Comparison of results of mono-facial large-area n-type solar cells from different 
















Suniva Cz Front 239 658 39.1 80.4 20.7 [Tao 2014] 
ISE FZ Front 145 687 40.3 78.9 21.9 [Benick 2014] 
ISFH Cz Front 239 665 38.7 79.8 20.5 [Lim 2014] 
IMEC Cz Rear 239 677 39.1 81.3 21.5 [IMEC 2014] 




6.3  Summary of the Chapter 
 
In this chapter, the rear laser ablation for rear-junction n-PERT silicon wafer solar cells 
was investigated in detail. The electronic quality of the emitter at the laser ablated 
region was characterized by the local emitter saturation current density J0e,laser. J0e,laser 
was extracted using two approaches. In Approach A, the total emitter saturation current 
density was extracted using the Kane and Swanson method [Kane 1985]. (J0e,R + J0e,F) 
was plotted as a function of f. Then J0e,laser was calculated from its slope. In Approach 
B, J0e,laser was extracted directly by plotting 1/τeff against f at any arbitrary injection level 
[Deckers 2013]. Approach B was the first time used to characterize the laser damage, 
and was identified to be more useful for optimization of our laser ablation process, as 
it resulted in a lower underestimation of J0e,laser and provided information across a range 
of injection levels.  
 
For the first time, J0e,laser was observed to be injection dependent due to high J02 
recombination caused by laser damage to the space charge region from Approach B. It 
was found that J0e,laser is lowest when F is in the range of 1 to 1.5 J/cm2. 
 
With the improved understanding of the impact of different laser ablation fluences, we 
fabricated 6-inch wide monocrystalline n-PERT solar cells. A solar cell efficiency of 
21.0% was achieved using an optimized laser fluence of 1.1 J/cm2 for dielectric 
ablation. The champion cell, which was ablated at a laser fluence of 1.1 J/cm2, has a 
much lower J02 value than the cell ablated at higher fluence (4.6 J/cm2). This efficiency 








This thesis focused on the investigation of the rear local contact formation for high-
efficiency crystalline silicon wafer solar cells. Two specific types of solar cells with 
local rear contact were explained in detail: p-type 'Aluminium Local Back Surface 
Field' (Al-LBSF) and n-type rear-junction 'passivated emitter rear totally diffused' 
(PERT) silicon wafer solar cells. The optimization of rear local contact formation was 
studied for both p-type Al-LBSF and n-type rear-junction PERT silicon wafer solar 
cells. A few key results were obtained and will be concluded in this chapter. The 




a.) First, the accurate extraction of the series resistance of silicon wafer solar cells was 
discussed. Different methods for determining series resistance at standard operating 
conditions Rs,light.MPP were compared. For practical solar cells it was shown that the 
underlying assumptions of these methods are not always strictly satisfied. Simulation 
results showed that violation of the assumptions can lead to possible errors in the 
extracted Rs,light.MPP value. Three groups of p-type 6 inch multicrystalline silicon 
Al-LBSF solar cells with a homogenous emitter were fabricated. A severe under-
estimation of Rs,light.MPP was observed when the standard DIV-LIV method (comparison 
of dark and one-Sun light I-V measurements) and the Jsc-Voc method (comparison of 
one-Sun light I-V and Jsc-Voc measurements) were used. By means of two-diode 
simulation we showed that the injection-dependent dark saturation current densities J01 
and J02 are the most likely cause for the underestimated Rs,light.MPP values. For the first 
time, it was found that, for solar cells with injection level dependent recombination 
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currents the correct Rs,light.MPP value can be extracted can be extracted using EL-PL 
imaging, as this method intrinsically assumes an identical injection level at the 
operating points for extraction of Rs,lightMPP. 
 
b.) In the investigation of rear local contact for Al-LBSF solar cells, the performance 
of Al-LBSF solar cells was first simulated. Void formation was identified as a signifi-
cant challenge in the Al-Si local contact optimization for Al-LBSF silicon wafer solar 
cells. A significant impact of the contact geometries on the rear surface passivation 
quality was observed. For line-shaped contacts, the line width was found to have a 
strong influence on the transport of the Si atoms in the Al during the heating and 
cooling phase of the fast firing process. In contrast to the local Al p+ formation model 
proposed in literature, in our case of fast cooling, laterally diffused Si atoms do not 
have enough time to return to the Si-Al interface, thus a thinner-than-expected 
Al-doped p+ layer and a large number of voids is observed for narrow line widths. 
 
6-inch wide monocrystalline Al-LBSF Si solar cells were fabricated with a homo-
genous emitter, whereby the rear contact geometry was optimised experimentally. An 
efficiency of 19.0% was reached using a 10% metal fraction with 1.0 mm pitch and 
100 µm line width. However, a high series resistance was found for all the investigated 
LBSF cells, especially for those with narrower line widths. The large number of voids 
found in the contact regions was identified as a major cause of the high series 
resistance. For the first time, the impact of the Al thickness on the contact formation 
was investigated. An optimum Al thickness was found for boxes with both line and 
point contact geometries. This also showed that a reduction of the Al layer thickness 




For the first time, the PL imaging method was applied as a fast approach to assess the 
rear surface passivation quality and the severity of the void formation problem. 
 
c.) In the investigation of rear local contact for n-PERT silicon wafer solar cells, rear 
laser ablation was investigated in detail. The electronic quality of the emitter at the 
laser ablated region was characterized by the local emitter saturation current density 
J0e,laser which was extracted using two approaches. For the first time, we studied the 
laser damage by extracting the local emitter saturation current density J0e,laser as a 
function of injection level using Deckers’ approach. This approach was identified to be 
the most useful for optimization of our laser ablation process, as it enabled the 
measurement of the contact passivation quality under different illumination conditions. 
For the first time, we identified that the J0e,laser is injection dependent due to high J02 
recombination caused by laser damage to the space charge region. It was found that 
J0e,laser was lowest when the laser fluence, F was in the range of 1 to 1.5 J/cm2. Next, 6-
inch wide monocrystalline n-PERT solar cells were fabricated. A solar cell efficiency 
of 21.0% was achieved using an optimized laser fluence of 1.1 J/cm2 for dielectric 
ablation. The champion cell, which was ablated at a laser fluence of 1.1 J/cm2, has a 






In this thesis, we demonstrated that the optimization of the rear contact design and 
processing parameters is important for both Al-LBSF and n-PERT silicon wafer solar 
cells. Non-optimized processing parameters can lead to strongly reduced performance 
of the solar cells. For example, a non-optimal rear contact geometry of Al-LBSF cells 
will cause severe voiding issues as discussed in Chapter 5. Voids were detected by 
means of scanning electron microscopy (SEM) and photoluminescence imaging in this 
thesis. It will be interesting to characterize the voiding issues quantitatively, such as to 
find out the fraction of the contact which contains voids. The state-of-the-art simulation 
of local contact structure, such as the Fischer and Plagwitz models, assumes an ideal 
local contact with no voids. It is useful to build up a model to include the impact of 
non-ideal local contacts.  
 
In this thesis, Al-LBSF and n-PERT solar cells were investigated and fabricated with 
homogenous emitters. A selective emitter can be implemented in both types of solar 
cells to further improve the PV efficiency. The formation of the selective emitter can, 
e.g., be realized by laser doping. Investigation of the local contact formation of 
Al-LBSF and n-PERT solar cells with selective emitter can be one of the future topics. 
In addition, to further improve the efficiency, metal-wrap-through (MWT) design could 
be integrated in the current cell structure of Al-LBSF and n-PERT solar cells. In the 
MWT design, vias are drilled, so that busbars can be placed at the rear of the cell. 
Additional current can be harvested due to less shading in this design. Furthermore, 
lower cell-to-module loss will be realized. Several solar cell institutes, such as 
Fraunhofer ISE and ECN, are actively working in this area. 
 
Although the rear local contact fraction is usually smaller than 10% for high-efficiency 
solar cell structures, local contacts have a significant impact on the performance of the 
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solar cell. There are always insurmountable limitations for the processing techniques 
discussed in this thesis for local contact formation. For example, screen-printing of Al 
can cause either a too thin p+ layer or too many voids after the co-firing step. Laser 
induced damage after laser ablation can only be minimized but not completed avoided. 
Other alternative processing techniques, such as inkjet printing for contact opening, 
can be investigated. 
 
Currently, the mainstream approach for local rear contact formation is deposition of a 
full-area dielectric layer, followed by locally opening of this layer to form the contact 
between the silicon and the metal. The removal of the dielectric layer will always cause 
some damage to the underlying silicon, such as the laser induced damage during laser 
ablation, and involve additional costs. In the author’s opinion, a direct deposition of 
patterned dielectric layer will be a better way to form the local contact. The step of 
partial dielectric removal will then no longer be needed. 
 
High carrier recombination at the silicon-metal interface is typically observed and 
prevents silicon wafer solar cells to reach even higher efficiencies. However, by 
depositing a thin dielectric interlayer, such as silicon oxide and amorphous silicon, the 
contact recombination can be significantly reduced. At the same time, carriers can still 
be collected by the tunnelling effect. Using passivated contacts, even higher efficiency 
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A. The impact of J02 on the extraction of J0e 
 






JJ e      (A.1) 
 
where q is the electron charge, k is Boltzmann’s constant, T is the temperature and V is 
the split of the quasi Fermi levels in the emitter space charge region . It assumes there 
















JJ       (A.3) 
 
with 21  m      (A.4) 
 
where J01 is the saturation current of the first diode and m is the local [McIntosh 2001] 




















    (A.5) 
 




















   (A.6) 
 
128 
From Eq. (A.6), J0e extracted by Approach B is a function of injection level when the 
local ideality factor is not equal to one, and more specifically, it decreases with 
increasing injection level when the ideality factor is larger than one.  
 
